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Biological Molecules 
By the end of this section, you will be able to: 


e Describe the ways in which carbon is critical to life 

e Explain the impact of slight changes in amino acids on organisms 
¢ Describe the four major types of biological molecules 

e Understand the functions of the four major types of molecules 


The large molecules necessary for life that are built from smaller organic 
molecules are called biological macromolecules. There are four major 
classes of biological macromolecules (carbohydrates, lipids, proteins, and 
nucleic acids), and each is an important component of the cell and performs 
a wide array of functions. Combined, these molecules make up the majority 
of a cell’s mass. Biological macromolecules are organic, meaning that they 
contain carbon (with some exceptions, like carbon dioxide). In addition, 
they may contain hydrogen, oxygen, nitrogen, phosphorus, sulfur, and 
additional minor elements. 


Carbon 


It is often said that life is “carbon-based.” This means that carbon atoms, 
bonded to other carbon atoms or other elements, form the fundamental 
components of many, if not most, of the molecules found uniquely in living 
things. Other elements play important roles in biological molecules, but 
carbon certainly qualifies as the “foundation” element for molecules in 
living things. It is the bonding properties of carbon atoms that are 
responsible for its important role. 


Carbon Bonding 


Carbon contains four electrons in its outer shell. Therefore, it can form four 
covalent bonds with other atoms or molecules. The simplest organic carbon 
molecule is methane (CH,), in which four hydrogen atoms bind to a carbon 
atom ([Link]). 
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Carbon can form four covalent bonds to 
create an organic molecule. The simplest 
carbon molecule is methane (CH,), depicted 
here. 


However, structures that are more complex are made using carbon. Any of 
the hydrogen atoms can be replaced with another carbon atom covalently 
bonded to the first carbon atom. In this way, long and branching chains of 
carbon compounds can be made ((link]a). The carbon atoms may bond with 
atoms of other elements, such as nitrogen, oxygen, and phosphorus 
({link]b). The molecules may also form rings, which themselves can link 
with other rings ([link]c). This diversity of molecular forms accounts for the 
diversity of functions of the biological macromolecules and is based to a 
large degree on the ability of carbon to form multiple bonds with itself and 
other atoms. 
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These examples show three 
molecules (found in living 
organisms) that contain carbon 
atoms bonded in various ways 
to other carbon atoms and the 
atoms of other elements. (a) 
This molecule of stearic acid 
has a long chain of carbon 
atoms. (b) Glycine, a 
component of proteins, contains 
carbon, nitrogen, oxygen, and 
hydrogen atoms. (c) Glucose, a 
sugar, has a ring of carbon 
atoms and one oxygen atom. 


Carbohydrates 


Carbohydrates are macromolecules with which most consumers are 
somewhat familiar. To lose weight, some individuals adhere to “low-carb” 
diets. Athletes, in contrast, often “carb-load” before important competitions 
to ensure that they have sufficient energy to compete at a high level. 
Carbohydrates are, in fact, an essential part of our diet; grains, fruits, and 
vegetables are all natural sources of carbohydrates. Carbohydrates provide 
energy to the body, particularly through glucose, a simple sugar. 
Carbohydrates also have other important functions in humans, animals, and 
plants. 


Carbohydrates can be represented by the formula (CH»O),, where n is the 
number of carbon atoms in the molecule. In other words, the ratio of carbon 
to hydrogen to oxygen is 1:2:1 in carbohydrate molecules. Carbohydrates 
are classified into three subtypes: monosaccharides, disaccharides, and 
polysaccharides. 


Monosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars, 
the most common of which is glucose. In monosaccharides, the number of 
carbon atoms usually ranges from three to six. Most monosaccharide names 
end with the suffix -ose. Depending on the number of carbon atoms in the 
sugar, they may be known as trioses (three carbon atoms), pentoses (five 
carbon atoms), and hexoses (six carbon atoms). 


Monosaccharides may exist as a linear chain or as ring-shaped molecules; 
in aqueous solutions, they are usually found in the ring form. 


The chemical formula for glucose is CgH, Og. In most living species, 
glucose is an important source of energy. During cellular respiration, energy 
is released from glucose, and that energy is used to help make adenosine 
triphosphate (ATP). Plants synthesize glucose using carbon dioxide and 
water by the process of photosynthesis, and the glucose, in turn, is used for 
the energy requirements of the plant. The excess synthesized glucose is 
often stored as starch that is broken down by other organisms that feed on 
plants. 


Galactose (part of lactose, or milk sugar) and fructose (found in fruit) are 
other common monosaccharides. Although glucose, galactose, and fructose 
all have the same chemical formula (CgH, Og), they differ structurally and 


chemically (and are known as isomers) because of differing arrangements 
of atoms in the carbon chain ([link)). 


Glucose Galactose Fructose 


Glucose, galactose, and fructose are 
isomeric monosaccharides, meaning that 
they have the same chemical formula but 

slightly different structures. 


Disaccharides (di- = “two”) form when two monosaccharides undergo a 
dehydration reaction (a reaction in which the removal of a water molecule 
occurs). During this process, the hydroxyl group (OH) of one 
monosaccharide combines with a hydrogen atom of another 
monosaccharide, releasing a molecule of water (H»O) and forming a 
covalent bond between atoms in the two sugar molecules. 


Common disaccharides include lactose, maltose, and sucrose. Lactose is a 
disaccharide consisting of the monomers glucose and galactose. It is found 
naturally in milk. Maltose, or malt sugar, is a disaccharide formed from a 
dehydration reaction between two glucose molecules. The most common 


disaccharide is sucrose, or table sugar, which is composed of the monomers 
glucose and fructose. 


A long chain of monosaccharides linked by covalent bonds is known as a 
polysaccharide (poly- = “many”). The chain may be branched or 
unbranched, and it may contain different types of monosaccharides. 
Polysaccharides may be very large molecules. Starch, glycogen, cellulose, 
and chitin are examples of polysaccharides. 


Starch is the stored form of sugars in plants and is made up of amylose and 
amylopectin (both polymers of glucose). Plants are able to synthesize 
glucose, and the excess glucose is stored as starch in different plant parts, 
including roots and seeds. The starch that is consumed by animals is broken 
down into smaller molecules, such as glucose. The cells can then absorb the 
glucose. 


Glycogen is the storage form of glucose in humans and other vertebrates, 
and is made up of monomers of glucose. Glycogen is the animal equivalent 
of starch and is a highly branched molecule usually stored in liver and 
muscle cells. Whenever glucose levels decrease, glycogen is broken down 
to release glucose. 


Cellulose is one of the most abundant natural biopolymers. The cell walls 
of plants are mostly made of cellulose, which provides structural support to 
the cell. Wood and paper are mostly cellulosic in nature. Cellulose is made 
up of glucose monomers that are linked by bonds between particular carbon 
atoms in the glucose molecule. 


Every other glucose monomer in cellulose is flipped over and packed 
tightly as extended long chains. This gives cellulose its rigidity and high 
tensile strength—which is so important to plant cells. Cellulose passing 
through our digestive system is called dietary fiber. While the glucose- 
glucose bonds in cellulose cannot be broken down by human digestive 
enzymes, herbivores such as cows, buffalos, and horses are able to digest 
grass that is rich in cellulose and use it as a food source. In these animals, 
certain species of bacteria reside in the rumen (part of the digestive system 
of herbivores) and secrete the enzyme cellulase. The appendix also contains 
bacteria that break down cellulose, giving it an important role in the 


digestive systems of ruminants. Cellulases can break down cellulose into 
glucose monomers that can be used as an energy source by the animal. 


Carbohydrates serve other functions in different animals. Arthropods, such 
as insects, spiders, and crabs, have an outer skeleton, called the 
exoskeleton, which protects their internal body parts. This exoskeleton is 
made of the biological macromolecule chitin, which is a nitrogenous 
carbohydrate. It is made of repeating units of a modified sugar containing 
nitrogen. 


Thus, through differences in molecular structure, carbohydrates are able to 
serve the very different functions of energy storage (starch and glycogen) 
and structural support and protection (cellulose and chitin) ([link]). 
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Although their structures and functions differ, all 
polysaccharide carbohydrates are made up of 
monosaccharides and have the chemical formula 
(CH»O)n. 


Note: 

Careers in Action 

Registered Dietitian 

Obesity is a worldwide health concern, and many diseases, such as 
diabetes and heart disease, are becoming more prevalent because of 
obesity. This is one of the reasons why registered dietitians are increasingly 
sought after for advice. Registered dietitians help plan food and nutrition 
programs for individuals in various settings. They often work with patients 
in health-care facilities, designing nutrition plans to prevent and treat 
diseases. For example, dietitians may teach a patient with diabetes how to 
manage blood-sugar levels by eating the correct types and amounts of 
carbohydrates. Dietitians may also work in nursing homes, schools, and 
private practices. 

To become a registered dietitian, one needs to earn at least a bachelor’s 
degree in dietetics, nutrition, food technology, or a related field. In 
addition, registered dietitians must complete a supervised internship 
program and pass a national exam. Those who pursue careers in dietetics 
take courses in nutrition, chemistry, biochemistry, biology, microbiology, 
and human physiology. Dietitians must become experts in the chemistry 
and functions of food (proteins, carbohydrates, and fats). 


Lipids 


Lipids include a diverse group of compounds that are united by a common 
feature. Lipids are hydrophobic (“water-fearing”), or insoluble in water, 
because they are nonpolar molecules. This is because they are hydrocarbons 
that include only nonpolar carbon-carbon or carbon-hydrogen bonds. Lipids 
perform many different functions in a cell. Cells store energy for long-term 
use in the form of lipids called fats. Lipids also provide insulation from the 
environment for plants and animals ({link]). For example, they help keep 
aquatic birds and mammals dry because of their water-repelling nature. 
Lipids are also the building blocks of many hormones and are an important 


constituent of the plasma membrane. Lipids include fats, oils, waxes, 
phospholipids, and steroids. 


Hydrophobic lipids in the fur of 
aquatic mammals, such as this river 
otter, protect them from the elements. 
(credit: Ken Bosma) 


A fat molecule, such as a triglyceride, consists of two main components— 
glycerol and fatty acids. Glycerol is an organic compound with three carbon 
atoms, five hydrogen atoms, and three hydroxyl (-OH) groups. Fatty acids 
have a long chain of hydrocarbons to which an acidic carboxyl group is 
attached, hence the name “fatty acid.” The number of carbons in the fatty 
acid may range from 4 to 36; most common are those containing 12-18 
carbons. In a fat molecule, a fatty acid is attached to each of the three 
oxygen atoms in the -OH groups of the glycerol molecule with a covalent 
bond ([Link]). 


Saturated fatty acid Triglyceride 
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Lipids include fats, such as triglycerides, which are made 
up of fatty acids and glycerol, phospholipids, and 
steroids. 


During this covalent bond formation, three water molecules are released. 
The three fatty acids in the fat may be similar or dissimilar. These fats are 
also called triglycerides because they have three fatty acids. Some fatty 
acids have common names that specify their origin. For example, palmitic 
acid, a saturated fatty acid, is derived from the palm tree. Arachidic acid is 
derived from Arachis hypogaea, the scientific name for peanuts. 


Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there 
are only single bonds between neighboring carbons in the hydrocarbon 
chain, the fatty acid is saturated. Saturated fatty acids are saturated with 
hydrogen; in other words, the number of hydrogen atoms attached to the 
carbon skeleton is maximized. 


When the hydrocarbon chain contains a double bond, the fatty acid is an 
unsaturated fatty acid. 


Most unsaturated fats are liquid at room temperature and are called oils. If 
there is one double bond in the molecule, then it is known as a 
monounsaturated fat (e.g., olive oil), and if there is more than one double 
bond, then it is known as a polyunsaturated fat (e.g., canola oil). 


Saturated fats tend to get packed tightly and are solid at room temperature. 
Animal fats with stearic acid and palmitic acid contained in meat, and the 
fat with butyric acid contained in butter, are examples of saturated fats. 
Mammals store fats in specialized cells called adipocytes, where globules of 
fat occupy most of the cell. In plants, fat or oil is stored in seeds and is used 
as a source of energy during embryonic development. 


Unsaturated fats or oils are usually of plant origin and contain unsaturated 
fatty acids. The double bond causes a bend or a “kink” that prevents the 
fatty acids from packing tightly, keeping them liquid at room temperature. 
Olive oil, corn oil, canola oil, and cod liver oil are examples of unsaturated 
fats. Unsaturated fats help to improve blood cholesterol levels, whereas 
saturated fats contribute to plaque formation in the arteries, which increases 
the risk of a heart attack. 


In the food industry, oils are artificially hydrogenated to make them semi- 
solid, leading to less spoilage and increased shelf life. Simply speaking, 
hydrogen gas is bubbled through oils to solidify them. During this 
hydrogenation process, double bonds of the cis-conformation in the 
hydrocarbon chain may be converted to double bonds in the trans- 
conformation. This forms a trans-fat from a cis-fat. The orientation of the 
double bonds affects the chemical properties of the fat ({Link]). 


trans-fat molecule 


During the hydrogenation process, 
the orientation around the double 
bonds is changed, making a trans- 
fat from a cis-fat. This changes the 
chemical properties of the 
molecule. 


Margarine, some types of peanut butter, and shortening are examples of 
artificially hydrogenated trans-fats. Recent studies have shown that an 
increase in trans-fats in the human diet may lead to an increase in levels of 
low-density lipoprotein (LDL), or “bad” cholesterol, which, in turn, may 
lead to plaque deposition in the arteries, resulting in heart disease. Many 
fast food restaurants have recently eliminated the use of trans-fats, and U.S. 
food labels are now required to list their trans-fat content. 


Essential fatty acids are fatty acids that are required but not synthesized by 
the human body. Consequently, they must be supplemented through the 
diet. Omega-3 fatty acids fall into this category and are one of only two 
known essential fatty acids for humans (the other being omega-6 fatty 
acids). They are a type of polyunsaturated fat and are called omega-3 fatty 
acids because the third carbon from the end of the fatty acid participates in 
a double bond. 


Salmon, trout, and tuna are good sources of omega-3 fatty acids. Omega-3 
fatty acids are important in brain function and normal growth and 
development. They may also prevent heart disease and reduce the risk of 
cancer. 


Like carbohydrates, fats have received a lot of bad publicity. It is true that 
eating an excess of fried foods and other “fatty” foods leads to weight gain. 
However, fats do have important functions. Fats serve as long-term energy 
storage. They also provide insulation for the body. Therefore, “healthy” 
unsaturated fats in moderate amounts should be consumed on a regular 
basis. 


Phospholipids are the major constituent of the plasma membrane. Like 
fats, they are composed of fatty acid chains attached to a glycerol or similar 
backbone. Instead of three fatty acids attached, however, there are two fatty 
acids and the third carbon of the glycerol backbone is bound to a phosphate 
group. The phosphate group is modified by the addition of an alcohol. 


A phospholipid has both hydrophobic and hydrophilic regions. The fatty 
acid chains are hydrophobic and exclude themselves from water, whereas 
the phosphate is hydrophilic and interacts with water. 


Cells are surrounded by a membrane, which has a bilayer of phospholipids. 
The fatty acids of phospholipids face inside, away from water, whereas the 

phosphate group can face either the outside environment or the inside of the 
cell, which are both aqueous. 


Steroids and Waxes 


Unlike the phospholipids and fats discussed earlier, steroids have a ring 
structure. Although they do not resemble other lipids, they are grouped with 
them because they are also hydrophobic. All steroids have four, linked 
carbon rings and several of them, like cholesterol, have a short tail. 


Cholesterol is a steroid. Cholesterol is mainly synthesized in the liver and is 
the precursor of many steroid hormones, such as testosterone and estradiol. 


It is also the precursor of vitamins E and K. Cholesterol is the precursor of 
bile salts, which help in the breakdown of fats and their subsequent 
absorption by cells. Although cholesterol is often spoken of in negative 
terms, it is necessary for the proper functioning of the body. It is a key 
component of the plasma membranes of animal cells. 


Waxes are made up of a hydrocarbon chain with an alcohol (-OH) group 
and a fatty acid. Examples of animal waxes include beeswax and lanolin. 
Plants also have waxes, such as the coating on their leaves, that helps 
prevent them from drying out. 


Note: 
Concept in Action 
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For an additional perspective on lipids, explore “Biomolecules: The 
Lipids” through this interactive animation. 


Proteins 


Proteins are one of the most abundant organic molecules in living systems 
and have the most diverse range of functions of all macromolecules. 
Proteins may be structural, regulatory, contractile, or protective; they may 
serve in transport, storage, or membranes; or they may be toxins or 
enzymes. Each cell in a living system may contain thousands of different 
proteins, each with a unique function. Their structures, like their functions, 
vary greatly. They are all, however, polymers of amino acids, arranged in a 
linear sequence. 


The functions of proteins are very diverse because there are 20 different 
chemically distinct amino acids that form long chains, and the amino acids 
can be in any order. For example, proteins can function as enzymes or 
hormones. Enzymes, which are produced by living cells, are catalysts in 
biochemical reactions (like digestion) and are usually proteins. Each 
enzyme is specific for the substrate (a reactant that binds to an enzyme) 
upon which it acts. Enzymes can function to break molecular bonds, to 
rearrange bonds, or to form new bonds. An example of an enzyme is 
salivary amylase, which breaks down amylose, a component of starch. 


Hormones are chemical signaling molecules, usually proteins or steroids, 
secreted by an endocrine gland or group of endocrine cells that act to 
control or regulate specific physiological processes, including growth, 
development, metabolism, and reproduction. For example, insulin is a 
protein hormone that maintains blood glucose levels. 


Proteins have different shapes and molecular weights; some proteins are 
globular in shape whereas others are fibrous in nature. For example, 
hemoglobin is a globular protein, but collagen, found in our skin, is a 
fibrous protein. Protein shape is critical to its function. Changes in 
temperature, pH, and exposure to chemicals may lead to permanent changes 
in the shape of the protein, leading to a loss of function or denaturation (to 
be discussed in more detail later). All proteins are made up of different 
arrangements of the same 20 kinds of amino acids. 


Amino acids are the monomers that make up proteins. Each amino acid has 
the same fundamental structure, which consists of a central carbon atom 
bonded to an amino group (—NH>), a carboxyl group (-COOH), and a 
hydrogen atom. Every amino acid also has another variable atom or group 
of atoms bonded to the central carbon atom known as the R group. The R 
group is the only difference in structure between the 20 amino acids; 
otherwise, the amino acids are identical ({link]). 
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Amino acids are made up of a 
central carbon bonded to an 
amino group (—NH>), a 
carboxyl group (-COOH), and a 
hydrogen atom. The central 
carbon’s fourth bond varies 
among the different amino 
acids, as seen in these examples 
of alanine, valine, lysine, and 
aspartic acid. 


The chemical nature of the R group determines the chemical nature of the 
amino acid within its protein (that is, whether it is acidic, basic, polar, or 
nonpolar). 


The sequence and number of amino acids ultimately determine a protein’s 
shape, size, and function. Each amino acid is attached to another amino acid 
by a covalent bond, known as a peptide bond, which is formed by a 
dehydration reaction. The carboxyl group of one amino acid and the amino 
group of a second amino acid combine, releasing a water molecule. The 
resulting bond is the peptide bond. 


The products formed by such a linkage are called polypeptides. While the 
terms polypeptide and protein are sometimes used interchangeably, a 
polypeptide is technically a polymer of amino acids, whereas the term 
protein is used for a polypeptide or polypeptides that have combined 
together, have a distinct shape, and have a unique function. 


Note: 

Evolution in Action 

The Evolutionary Significance of Cytochrome c 

Cytochrome c is an important component of the molecular machinery that 
harvests energy from glucose. Because this protein’s role in producing 
cellular energy is crucial, it has changed very little over millions of years. 
Protein sequencing has shown that there is a considerable amount of 
sequence similarity among cytochrome c molecules of different species; 
evolutionary relationships can be assessed by measuring the similarities or 
differences among various species’ protein sequences. 

For example, scientists have determined that human cytochrome c contains 
104 amino acids. For each cytochrome c molecule that has been sequenced 
to date from different organisms, 37 of these amino acids appear in the 
Same position in each cytochrome c. This indicates that all of these 
organisms are descended from a common ancestor. On comparing the 
human and chimpanzee protein sequences, no sequence difference was 
found. When human and rhesus monkey sequences were compared, a 
single difference was found in one amino acid. In contrast, human-to-yeast 
comparisons show a difference in 44 amino acids, suggesting that humans 


and chimpanzees have a more recent common ancestor than humans and 
the rhesus monkey, or humans and yeast. 


Protein Structure 


As discussed earlier, the shape of a protein is critical to its function. To 
understand how the protein gets its final shape or conformation, we need to 
understand the four levels of protein structure: primary, secondary, tertiary, 
and quaternary ([link]). 


The unique sequence and number of amino acids in a polypeptide chain is 
its primary structure. The unique sequence for every protein is ultimately 
determined by the gene that encodes the protein. Any change in the gene 
sequence may lead to a different amino acid being added to the polypeptide 
chain, causing a change in protein structure and function. In sickle cell 
anemia, the hemoglobin f chain has a single amino acid substitution, 
causing a change in both the structure and function of the protein. What is 
most remarkable to consider is that a hemoglobin molecule is made up of 
two alpha chains and two beta chains that each consist of about 150 amino 
acids. The molecule, therefore, has about 600 amino acids. The structural 
difference between a normal hemoglobin molecule and a sickle cell 
molecule—that dramatically decreases life expectancy in the affected 
individuals—is a single amino acid of the 600. 


Because of this change of one amino acid in the chain, the normally 
biconcave, or disc-shaped, red blood cells assume a crescent or “sickle” 
shape, which clogs arteries. This can lead to a myriad of serious health 
problems, such as breathlessness, dizziness, headaches, and abdominal pain 
for those who have this disease. 


Folding patterns resulting from interactions between the non-R group 
portions of amino acids give rise to the secondary structure of the protein. 
The most common are the alpha (a)-helix and beta (f)-pleated sheet 
structures. Both structures are held in shape by hydrogen bonds. In the 
alpha helix, the bonds form between every fourth amino acid and cause a 
twist in the amino acid chain. 


In the B-pleated sheet, the “pleats” are formed by hydrogen bonding 
between atoms on the backbone of the polypeptide chain. The R groups are 
attached to the carbons, and extend above and below the folds of the pleat. 
The pleated segments align parallel to each other, and hydrogen bonds form 
between the same pairs of atoms on each of the aligned amino acids. The a- 
helix and B-pleated sheet structures are found in many globular and fibrous 
proteins. 


The unique three-dimensional structure of a polypeptide is known as its 
tertiary structure. This structure is caused by chemical interactions between 
various amino acids and regions of the polypeptide. Primarily, the 
interactions among R groups create the complex three-dimensional tertiary 
structure of a protein. There may be ionic bonds formed between R groups 
on different amino acids, or hydrogen bonding beyond that involved in the 
secondary structure. When protein folding takes place, the hydrophobic R 
groups of nonpolar amino acids lay in the interior of the protein, whereas 
the hydrophilic R groups lay on the outside. The former types of 
interactions are also known as hydrophobic interactions. 


In nature, some proteins are formed from several polypeptides, also known 
as subunits, and the interaction of these subunits forms the quaternary 
structure. Weak interactions between the subunits help to stabilize the 
overall structure. For example, hemoglobin is a combination of four 
polypeptide subunits. 
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The four levels of protein structure can 
be observed in these illustrations. (credit: 
modification of work by National Human 

Genome Research Institute) 


Quaternary protein structure 
protein consisting of more 
than one amino acid chain 


Each protein has its own unique sequence and shape held together by 
chemical interactions. If the protein is subject to changes in temperature, 
pH, or exposure to chemicals, the protein structure may change, losing its 
shape in what is known as denaturation as discussed earlier. Denaturation is 
often reversible because the primary structure is preserved if the denaturing 
agent is removed, allowing the protein to resume its function. Sometimes 
denaturation is irreversible, leading to a loss of function. One example of 


protein denaturation can be seen when an egg is fried or boiled. The 
albumin protein in the liquid egg white is denatured when placed in a hot 
pan, changing from a clear substance to an opaque white substance. Not all 
proteins are denatured at high temperatures; for instance, bacteria that 
survive in hot springs have proteins that are adapted to function at those 
temperatures. 


Note: 
Concept in Action 
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For an additional perspective on proteins, explore “Biomolecules: The 
Proteins” through this interactive animation. 


Nucleic Acids 


Nucleic acids are key macromolecules in the continuity of life. They carry 
the genetic blueprint of a cell and carry instructions for the functioning of 
the cell. 


The two main types of nucleic acids are deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA). DNA is the genetic material found in all living 
organisms, ranging from single-celled bacteria to multicellular mammals. 


The other type of nucleic acid, RNA, is mostly involved in protein 
synthesis. The DNA molecules never leave the nucleus, but instead use an 
RNA intermediary to communicate with the rest of the cell. Other types of 
RNA are also involved in protein synthesis and its regulation. 


DNA and RNA are made up of monomers known as nucleotides. The 
nucleotides combine with each other to form a polynucleotide, DNA or 
RNA. Each nucleotide is made up of three components: a nitrogenous base, 
a pentose (five-carbon) sugar, and a phosphate group ([link]). Each 
nitrogenous base in a nucleotide is attached to a sugar molecule, which is 
attached to a phosphate group. 
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A nucleotide is made up of three 
components: a nitrogenous base, a 
pentose sugar, and a phosphate group. 


DNA Double-Helical Structure 


DNA has a double-helical structure ({link]). It is composed of two strands, 
or polymers, of nucleotides. The strands are formed with bonds between 
phosphate and sugar groups of adjacent nucleotides. The strands are bonded 
to each other at their bases with hydrogen bonds, and the strands coil about 
each other along their length, hence the “double helix” description, which 
means a double spiral. 


The double-helix 
model shows DNA 
as two parallel 
strands of 


intertwining 
molecules. (credit: 
Jerome Walker, 
Dennis Myts) 


The alternating sugar and phosphate groups lie on the outside of each 
strand, forming the backbone of the DNA. The nitrogenous bases are 
stacked in the interior, like the steps of a staircase, and these bases pair; the 
pairs are bound to each other by hydrogen bonds. The bases pair in such a 
way that the distance between the backbones of the two strands is the same 
all along the molecule. 


Section Summary 


Living things are carbon-based because carbon plays such a prominent role 
in the chemistry of living things. The four covalent bonding positions of the 
carbon atom can give rise to a wide diversity of compounds with many 
functions, accounting for the importance of carbon in living things. 
Carbohydrates are a group of macromolecules that are a vital energy source 
for the cell, provide structural support to many organisms, and can be found 


on the surface of the cell as receptors or for cell recognition. Carbohydrates 
are classified as monosaccharides, disaccharides, and polysaccharides, 
depending on the number of monomers in the molecule. 


Lipids are a class of macromolecules that are nonpolar and hydrophobic in 
nature. Major types include fats and oils, waxes, phospholipids, and 
steroids. Fats and oils are a stored form of energy and can include 
triglycerides. Fats and oils are usually made up of fatty acids and glycerol. 


Proteins are a class of macromolecules that can perform a diverse range of 
functions for the cell. They help in metabolism by providing structural 
support and by acting as enzymes, carriers or as hormones. The building 
blocks of proteins are amino acids. Proteins are organized at four levels: 
primary, secondary, tertiary, and quaternary. Protein shape and function are 
intricately linked; any change in shape caused by changes in temperature, 
pH, or chemical exposure may lead to protein denaturation and a loss of 
function. 


Nucleic acids are molecules made up of repeating units of nucleotides that 
direct cellular activities such as cell division and protein synthesis. Each 
nucleotide is made up of a pentose sugar, a nitrogenous base, and a 
phosphate group. There are two types of nucleic acids: DNA and RNA. 


Multiple Choice 


Exercise: 


Problem: An example of a monosaccharide is 


a. fructose 

b. glucose 

c. galactose 

d. all of the above 


Solution: 


D 


Exercise: 


Problem:Cellulose and starch are examples of 


a. Monosaccharides 
b. disaccharides 

c. lipids 

d. polysaccharides 


Solution: 


D 


Exercise: 


Problem: Phospholipids are important components of 


a. the plasma membrane of cells 

b. the ring structure of steroids 

c. the waxy covering on leaves 

d. the double bond in hydrocarbon chains 


Solution: 


A 


Exercise: 


Problem:The monomers that make up proteins are called 


a. nucleotides 
b. disaccharides 
c. amino acids 
d. chaperones 


Solution: 


c 


Free Response 


Exercise: 
Problem: 


Explain at least three functions that lipids serve in plants and/or 
animals. 


Solution: 


Fat serves as a valuable way for animals to store energy. It can also 
provide insulation. Phospholipids and steroids are important 
components of cell membranes. 


Exercise: 
Problem: 


Explain what happens if even one amino acid is substituted for another 
in a polypeptide chain. Provide a specific example. 


Solution: 


A change in gene sequence can lead to a different amino acid being 
added to a polypeptide chain instead of the normal one. This causes a 
change in protein structure and function. For example, in sickle cell 
anemia, the hemoglobin £8 chain has a single amino acid substitution. 
Because of this change, the disc-shaped red blood cells assume a 
crescent shape, which can result in serious health problems. 


Glossary 


amino acid 
a monomer of a protein 


carbohydrate 
a biological macromolecule in which the ratio of carbon to hydrogen to 
oxygen is 1:2:1; carbohydrates serve as energy sources and structural 
support in cells 


cellulose 
a polysaccharide that makes up the cell walls of plants and provides 
structural support to the cell 


chitin 
a type of carbohydrate that forms the outer skeleton of arthropods, 
such as insects and crustaceans, and the cell walls of fungi 


denaturation 
the loss of shape in a protein as a result of changes in temperature, pH, 
or exposure to chemicals 


deoxyribonucleic acid (DNA) 
a double-stranded polymer of nucleotides that carries the hereditary 
information of the cell 


disaccharide 
two sugar monomers that are linked together by a peptide bond 


enzyme 
a catalyst in a biochemical reaction that is usually a complex or 
conjugated protein 


fat 
a lipid molecule composed of three fatty acids and a glycerol 
(triglyceride) that typically exists in a solid form at room temperature 


glycogen 
a storage carbohydrate in animals 


hormone 
a chemical signaling molecule, usually a protein or steroid, secreted by 
an endocrine gland or group of endocrine cells; acts to control or 
regulate specific physiological processes 


lipids 
a class of macromolecules that are nonpolar and insoluble in water 


macromolecule 
a large molecule, often formed by polymerization of smaller 
monomers 


monosaccharide 
a single unit or monomer of carbohydrates 


nucleic acid 
a biological macromolecule that carries the genetic information of a 
cell and carries instructions for the functioning of the cell 


nucleotide 
a monomer of nucleic acids; contains a pentose sugar, a phosphate 
group, and a nitrogenous base 


oil 
an unsaturated fat that is a liquid at room temperature 
phospholipid 


a major constituent of the membranes of cells; composed of two fatty 
acids and a phosphate group attached to the glycerol backbone 


polypeptide 
a long chain of amino acids linked by peptide bonds 


polysaccharide 
a long chain of monosaccharides; may be branched or unbranched 


protein 


a biological macromolecule composed of one or more chains of amino 
acids 


ribonucleic acid (RNA) 
a single-stranded polymer of nucleotides that is involved in protein 
synthesis 


saturated fatty acid 
a long-chain hydrocarbon with single covalent bonds in the carbon 
chain; the number of hydrogen atoms attached to the carbon skeleton is 
maximized 


starch 
a storage carbohydrate in plants 


steroid 
a type of lipid composed of four fused hydrocarbon rings 


trans-fat 
a form of unsaturated fat with the hydrogen atoms neighboring the 
double bond across from each other rather than on the same side of the 
double bond 


triglyceride 
a fat molecule; consists of three fatty acids linked to a glycerol 
molecule 


unsaturated fatty acid 
a long-chain hydrocarbon that has one or more than one double bonds 
in the hydrocarbon chain 


The Cell Membrane 
By the end of this section, you will be able to: 


e Describe the molecular components that make up the cell membrane 

e Explain the major features and properties of the cell membrane 

e Differentiate between materials that can and cannot diffuse through the 
lipid bilayer 

e Compare and contrast different types of passive transport with active 
transport, providing examples of each 


Despite differences in structure and function, all living cells in multicellular 
organisms have a surrounding cell membrane. As the outer layer of your 
skin separates your body from its environment, the cell membrane (also 
known as the plasma membrane) separates the inner contents of a cell from 
its exterior environment. This cell membrane provides a protective barrier 
around the cell and regulates which materials can pass in or out. 


Structure and Composition of the Cell Membrane 


The cell membrane is an extremely pliable structure composed primarily 
of back-to-back phospholipids (a “bilayer”). Cholesterol is also present, 
which contributes to the fluidity of the membrane, and there are various 
proteins embedded within the membrane that have a variety of functions. 


A single phospholipid molecule has a phosphate group on one end, called 
the “head,” and two side-by-side chains of fatty acids that make up the lipid 
tails ({link]). The phosphate group is negatively charged, making the head 
polar and hydrophilic—or “water loving.” A hydrophilic molecule (or 
region of a molecule) is one that is attracted to water. The phosphate heads 
are thus attracted to the water molecules of both the extracellular and 
intracellular environments. The lipid tails, on the other hand, are uncharged, 
or nonpolar, and are hydrophobic—or “water fearing.” A hydrophobic 
molecule (or region of a molecule) repels and is repelled by water. Some 
lipid tails consist of saturated fatty acids and some contain unsaturated fatty 
acids. This combination adds to the fluidity of the tails that are constantly in 
motion. Phospholipids are thus amphipathic molecules. An amphipathic 
molecule is one that contains both a hydrophilic and a hydrophobic region. 


In fact, soap works to remove oil and grease stains because it has 
amphipathic properties. The hydrophilic portion can dissolve in water while 
the hydrophobic portion can trap grease in micelles that then can be washed 
away. 

Phospholipid Structure 


Phosphate 


Hydrophilic head 


Saturated 
fatty acid 


Unsaturated 
fatty acid 


Hydrophobic tails 


A phospholipid molecule 
consists of a polar phosphate 
“head,” which is hydrophilic 
and a non-polar lipid “tail,” 

which is hydrophobic. 
Unsaturated fatty acids result 
in kinks in the hydrophobic 
tails. 


The cell membrane consists of two adjacent layers of phospholipids. The 
lipid tails of one layer face the lipid tails of the other layer, meeting at the 
interface of the two layers. The phospholipid heads face outward, one layer 
exposed to the interior of the cell and one layer exposed to the exterior 
({link]). Because the phosphate groups are polar and hydrophilic, they are 


attracted to water in the intracellular fluid. Intracellular fluid (ICF) is the 
fluid interior of the cell. The phosphate groups are also attracted to the 
extracellular fluid. Extracellular fluid (ECF) is the fluid environment 
outside the enclosure of the cell membrane. Interstitial fluid (IF) is the 
term given to extracellular fluid not contained within blood vessels. 
Because the lipid tails are hydrophobic, they meet in the inner region of the 
membrane, excluding watery intracellular and extracellular fluid from this 
space. The cell membrane has many proteins, as well as other lipids (such 
as cholesterol), that are associated with the phospholipid bilayer. An 
important feature of the membrane is that it remains fluid; the lipids and 
proteins in the cell membrane are not rigidly locked in place. 

Phospolipid Bilayer 


Extracellular 
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Intracellular Hydrophobic tail 
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The phospholipid bilayer 
consists of two adjacent 
sheets of phospholipids, 
arranged tail to tail. The 
hydrophobic tails associate 
with one another, forming the 
interior of the membrane. 
The polar heads contact the 
fluid inside and outside of the 
cell. 


Membrane Proteins 


The lipid bilayer forms the basis of the cell membrane, but it is peppered 
throughout with various proteins. Two different types of proteins that are 
commonly associated with the cell membrane are the integral proteins and 
peripheral protein ([link]). As its name suggests, an integral protein is a 
protein that is embedded in the membrane. A channel protein is an 
example of an integral protein that selectively allows particular materials, 
such as certain ions, to pass into or out of the cell. 
Cell Membrane 
Glycoprotein: protein with Glycolipid: lipid with 
eo a carbohydrate attached a, carbohydrate 
attached 


Peripheral membrane Phospholipid 
protein bilayer 
Integral membrane Cholesterol Channel protein 
protein 


The cell membrane of the cell is a phospholipid bilayer 
containing many different molecular components, 
including proteins and cholesterol, some with 
carbohydrate groups attached. 


Another important group of integral proteins are cell recognition proteins, 
which serve to mark a cell’s identity so that it can be recognized by other 
cells. A receptor is a type of recognition protein that can selectively bind a 
specific molecule outside the cell, and this binding induces a chemical 
reaction within the cell. A ligand is the specific molecule that binds to and 
activates a receptor. Some integral proteins serve dual roles as both a 
receptor and an ion channel. One example of a receptor-ligand interaction is 
the receptors on nerve cells that bind neurotransmitters, such as dopamine. 
When a dopamine molecule binds to a dopamine receptor protein, a channel 
within the transmembrane protein opens to allow certain ions to flow into 
the cell. 


Some integral membrane proteins are glycoproteins. A glycoprotein is a 
protein that has carbohydrate molecules attached, which extend into the 
extracellular matrix. The attached carbohydrate tags on glycoproteins aid in 
cell recognition. The carbohydrates that extend from membrane proteins 
and even from some membrane lipids collectively form the glycocalyx. The 
glycocalyx is a fuzzy-appearing coating around the cell formed from 
glycoproteins and other carbohydrates attached to the cell membrane. The 
glycocalyx can have various roles. For example, it may have molecules that 
allow the cell to bind to another cell, it may contain receptors for hormones, 
or it might have enzymes to break down nutrients. The glycocalyces found 
in a person’s body are products of that person’s genetic makeup. They give 
each of the individual’s trillions of cells the “identity” of belonging in the 
person’s body. This identity is the primary way that a person’s immune 
defense cells “know” not to attack the person’s own body cells, but it also is 
the reason organs donated by another person might be rejected. 


Peripheral proteins are typically found on the inner or outer surface of the 
lipid bilayer but can also be attached to the internal or external surface of an 
integral protein. These proteins typically perform a specific function for the 
cell. Some peripheral proteins on the surface of intestinal cells, for example, 
act as digestive enzymes to break down nutrients to sizes that can pass 
through the cells and into the bloodstream. 


Transport across the Cell Membrane 


One of the great wonders of the cell membrane is its ability to regulate the 
concentration of substances inside the cell. These substances include ions 
such as Ca**, Na*, K*, and CI; nutrients including sugars, fatty acids, and 
amino acids; and waste products, particularly carbon dioxide (CO>), which 
must leave the cell. 


The membrane’s lipid bilayer structure provides the first level of control. 
The phospholipids are tightly packed together, and the membrane has a 
hydrophobic interior. This structure causes the membrane to be selectively 
permeable. A membrane that has selective permeability allows only 
substances meeting certain criteria to pass through it unaided. In the case of 
the cell membrane, only relatively small, nonpolar materials can move 


through the lipid bilayer (remember, the lipid tails of the membrane are 
nonpolar). Some examples of these are other lipids, oxygen and carbon 
dioxide gases, and alcohol. However, water-soluble materials—like 
glucose, amino acids, and electrolytes—need some assistance to cross the 
membrane because they are repelled by the hydrophobic tails of the 
phospholipid bilayer. All substances that move through the membrane do so 
by one of two general methods, which are categorized based on whether or 
not energy is required. Passive transport is the movement of substances 
across the membrane without the expenditure of cellular energy. In contrast, 
active transport is the movement of substances across the membrane using 
energy from adenosine triphosphate (ATP). 


Passive Transport 


In order to understand how substances move passively across a cell 
membrane, it is necessary to understand concentration gradients and 
diffusion. A concentration gradient is the difference in concentration of a 
substance across a space. Molecules (or ions) will spread/diffuse from 
where they are more concentrated to where they are less concentrated until 
they are equally distributed in that space. (When molecules move in this 
way, they are said to move down their concentration gradient.) Diffusion is 
the movement of particles from an area of higher concentration to an area of 
lower concentration. A couple of common examples will help to illustrate 
this concept. Imagine being inside a closed bathroom. If a bottle of perfume 
were sprayed, the scent molecules would naturally diffuse from the spot 
where they left the bottle to all corners of the bathroom, and this diffusion 
would go on until no more concentration gradient remains. Another 
example is a spoonful of sugar placed in a cup of tea. Eventually the sugar 
will diffuse throughout the tea until no concentration gradient remains. In 
both cases, if the room is warmer or the tea hotter, diffusion occurs even 
faster as the molecules are bumping into each other and spreading out faster 
than at cooler temperatures. Having an internal body temperature around 
98.6 F thus also aids in diffusion of particles within the body. 


Note: 


Visit this link to see diffusion and how it is propelled by the kinetic energy 
of molecules in solution. How does temperature affect diffusion rate, and 
why? 


Whenever a substance exists in greater concentration on one side of a 
semipermeable membrane, such as the cell membranes, any substance that 
can move down its concentration gradient across the membrane will do so. 
Consider substances that can easily diffuse through the lipid bilayer of the 
cell membrane, such as the gases oxygen (O>) and CO». Op» generally 
diffuses into cells because it is more concentrated outside of them, and CO, 
typically diffuses out of cells because it is more concentrated inside of 
them. Neither of these examples requires any energy on the part of the cell, 
and therefore they use passive transport to move across the membrane. 


Before moving on, you need to review the gases that can diffuse across a 
cell membrane. Because cells rapidly use up oxygen during metabolism, 
there is typically a lower concentration of O> inside the cell than outside. As 
a result, oxygen will diffuse from the interstitial fluid directly through the 
lipid bilayer of the membrane and into the cytoplasm within the cell. On the 
other hand, because cells produce CO; as a byproduct of metabolism, CO> 
concentrations rise within the cytoplasm; therefore, CO» will move from the 
cell through the lipid bilayer and into the interstitial fluid, where its 
concentration is lower. This mechanism of molecules moving across a cell 
membrane from the side where they are more concentrated to the side 
where they are less concentrated is a form of passive transport called simple 
diffusion ({link]). 

Simple Diffusion across the Cell (Plasma) Membrane 


Small uncharged 
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Lipid bilayer 4 
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Time 


The structure of the lipid bilayer allows 
small, uncharged substances such as 
oxygen and carbon dioxide, and 
hydrophobic molecules such as lipids, to 
pass through the cell membrane, down 
their concentration gradient, by simple 
diffusion. 


Large polar or ionic molecules, which are hydrophilic, cannot easily cross 
the phospholipid bilayer. Very small polar molecules, such as water, can 
cross via simple diffusion due to their small size. Charged atoms or 
molecules of any size cannot cross the cell membrane via simple diffusion 
as the charges are repelled by the hydrophobic tails in the interior of the 
phospholipid bilayer. Solutes dissolved in water on either side of the cell 
membrane will tend to diffuse down their concentration gradients, but 
because most substances cannot pass freely through the lipid bilayer of the 
cell membrane, their movement is restricted to protein channels and 
specialized transport mechanisms in the membrane. Facilitated diffusion is 
the diffusion process used for those substances that cannot cross the lipid 
bilayer due to their size, charge, and/or polarity ({link]). A common 
example of facilitated diffusion is the movement of glucose into the cell, 
where it is used to make ATP. Although glucose can be more concentrated 
outside of a cell, it cannot cross the lipid bilayer via simple diffusion 
because it is both large and polar. To resolve this, a specialized carrier 
protein called the glucose transporter will transfer glucose molecules into 
the cell to facilitate its inward diffusion. 

Facilitated Diffusion 
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(a) Facilitated diffusion of 
substances crossing the cell 
(plasma) membrane takes place 
with the help of proteins such as 
channel proteins and carrier 
proteins. Channel proteins are 
less selective than carrier 
proteins, and usually mildly 
discriminate between their 
cargo based on size and charge. 
(b) Carrier proteins are more 
selective, often only allowing 
one particular type of molecule 
to cross. 


As an example, even though sodium ions (Na’*) are highly concentrated 
outside of cells, these electrolytes are charged and cannot pass through the 


nonpolar lipid bilayer of the membrane. Their diffusion is facilitated by 
membrane proteins that form sodium channels (or “pores”), so that Na* ions 
can move down their concentration gradient from outside the cells to inside 
the cells. There are many other solutes that must undergo facilitated 
diffusion to move into a cell, such as amino acids, or to move out of a cell, 
such as wastes. Because facilitated diffusion is a passive process, it does not 
require energy expenditure by the cell. 


Water also can move freely across the cell membrane of all cells, either 
through protein channels or by slipping between the lipid tails of the 
membrane itself. Osmosis is the diffusion of water through a 
semipermeable membrane ([Link]). 

Osmosis 


Semipermeable membrane 


Osmosis is the diffusion of 
water through a 
semipermeable membrane 
down its concentration 
gradient. If a membrane is 
permeable to water, though 
not to a solute, water will 
equalize its own 
concentration by diffusing to 
the side of lower water 
concentration (and thus the 
side of higher solute 
concentration). In the beaker 
on the left, the solution on the 
right side of the membrane is 
hypertonic. 


The movement of water molecules is not itself regulated by cells, so it is 
important that cells are exposed to an environment in which the 
concentration of solutes outside of the cells (in the extracellular fluid) is 
equal to the concentration of solutes inside the cells (in the cytoplasm). Two 
solutions that have the same concentration of solutes are said to be isotonic 
(equal tension). When cells and their extracellular environments are 
isotonic, the concentration of water molecules is the same outside and 
inside the cells, and the cells maintain their normal shape (and function). 


Osmosis occurs when there is an imbalance of solutes outside of a cell 
versus inside the cell. A solution that has a higher concentration of solutes 
than another solution is said to be hypertonic, and water molecules tend to 
diffuse into a hypertonic solution ({link]). Cells in a hypertonic solution will 
shrivel as water leaves the cell via osmosis. In contrast, a solution that has a 
lower concentration of solutes than another solution is said to be hypotonic, 
and water molecules tend to diffuse out of a hypotonic solution. Cells in a 
hypotonic solution will take on too much water and swell, with the risk of 
eventually bursting. A critical aspect of homeostasis in living things is to 
create an internal environment in which all of the body’s cells are in an 
isotonic solution. Various organ systems, particularly the kidneys, work to 
maintain this homeostasis. 


Concentration of Solutions 
Hypertonic Isotonic Hypotonic 
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A hypertonic solution has a 
solute concentration higher 
than another solution. An 
isotonic solution has a solute 
concentration equal to 


another solution. A hypotonic 
solution has a solute 
concentration lower than 
another solution. 


Another mechanism besides diffusion to passively transport materials 
between compartments is filtration. Unlike diffusion of a substance from 
where it is more concentrated to less concentrated, filtration uses a 
hydrostatic pressure gradient that pushes the fluid—and the solutes within it 
—from a higher pressure area to a lower pressure area. Filtration is an 
extremely important process in the body. For example, the circulatory 
system uses filtration to move plasma and substances across the endothelial 
lining of capillaries and into surrounding tissues, supplying cells with the 
nutrients. Filtration pressure in the kidneys provides the mechanism to 
remove wastes from the bloodstream. 


Active Transport 


For all of the transport methods described above, the cell expends no 
energy. Membrane proteins that aid in the passive transport of substances do 
so without the use of ATP. During active transport, ATP is required to move 
a substance across a membrane, often with the help of protein carriers, and 
usually against its concentration gradient. 


One of the most common types of active transport involves proteins that 
serve as pumps. The word “pump” probably conjures up thoughts of using 
energy to pump up the tire of a bicycle or a basketball. Similarly, energy 
from ATP is required for these membrane proteins to transport substances— 
molecules or ions—across the membrane, usually against their 
concentration gradients (from an area of low concentration to an area of 
high concentration). 


The sodium-potassium pump, which is also called Na*/K* ATPase, 
transports sodium out of a cell while moving potassium into the cell. The 


Na‘*/K* pump is an important ion pump found in the membranes of many 
types of cells. These pumps are particularly abundant in nerve cells, which 
are constantly pumping out sodium ions and pulling in potassium ions to 
maintain an electrical gradient across their cell membranes. An electrical 
gradient is a difference in electrical charge across a space. In the case of 
nerve cells, for example, the electrical gradient exists between the inside 
and outside of the cell, with the inside being negatively-charged (at around 
-70 mV) relative to the outside. The negative electrical gradient is 
maintained because each Na‘/K* pump moves three Na” ions out of the cell 
and two kK” ions into the cell for each ATP molecule that is used ([link]). 
This process is so important for nerve cells that it accounts for the majority 
of their ATP usage. 

Sodium-Potassium Pump 


Extracellular space Ps 
Na* 
Q ’ e ° 
pe oO @ oe Potassium 
a* Kt 
o e. 78 e @ 


none] HROONTTR NNT TATTNN finn 
= IU Suu OULU UROL 
° @ 


Phosphate Z * @ 
ATP QO ar @ se — 
e O eo @ 
oO o @ @ 
Cytoplasm Kt 


The sodium-potassium pump is found in many cell (plasma) 
membranes. Powered by ATP, the pump moves sodium and 
potassium ions in opposite directions, each against its 
concentration gradient. In a single cycle of the pump, three 
sodium ions are extruded from and two potassium ions are 
imported into the cell. 


Active transport pumps can also work together with other active or passive 
transport systems to move substances across the membrane. For example, 
the sodium-potassium pump maintains a high concentration of sodium ions 


outside of the cell. Therefore, if the cell needs sodium ions, all it has to do 
is open a passive sodium channel, as the concentration gradient of the 
sodium ions will drive them to diffuse into the cell. In this way, the action 
of an active transport pump (the sodium-potassium pump) powers the 
passive transport of sodium ions by creating a concentration gradient. When 
active transport powers the transport of another substance in this way, it is 
called secondary active transport. 


Symporters are secondary active transporters that move two substances in 
the same direction. For example, the sodium-glucose symporter uses 
sodium ions to “pull” glucose molecules into the cell. Because cells store 
glucose for energy, glucose is typically at a higher concentration inside of 
the cell than outside. However, due to the action of the sodium-potassium 
pump, sodium ions will easily diffuse into the cell when the symporter is 
opened. The flood of sodium ions through the symporter provides the 
energy that allows glucose to move through the symporter and into the cell, 
against its concentration gradient. 


Conversely, antiporters are secondary active transport systems that transport 
substances in opposite directions. For example, the sodium-hydrogen ion 
antiporter uses the energy from the inward flood of sodium ions to move 
hydrogen ions (H+) out of the cell. The sodium-hydrogen antiporter is used 
to maintain the pH of the cell's interior. 


Other forms of active transport do not involve membrane carriers. 
Endocytosis (bringing “into the cell’) is the process of a cell ingesting 
material by enveloping it in a portion of its cell membrane, and then 
pinching off that portion of membrane ((link]). Once pinched off, the 
portion of membrane and its contents becomes an independent, intracellular 
vesicle. A vesicle is a membranous sac—a spherical and hollow organelle 
bounded by a lipid bilayer membrane. Endocytosis often brings materials 
into the cell that must to be broken down or digested. Phagocytosis (“cell 
eating”) is the endocytosis of large particles. Many immune cells engage in 
phagocytosis of invading pathogens. Like little Pac-men, their job is to 
patrol body tissues for unwanted matter, such as invading bacterial cells, 
phagocytize them, and digest them. In contrast to phagocytosis, pinocytosis 


(“cell drinking”) brings fluid containing dissolved substances into a cell 
through membrane vesicles. 
Three Forms of Endocytosis 


Phagocytosis Pinocytosis Receptor-mediated 
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Endocytosis is a form of active transport 
in which a cell envelopes extracellular 
materials using its cell membrane. (a) In 
phagocytosis, which is relatively 
nonselective, the cell takes in a large 
particle. (b) In pinocytosis, the cell takes 
in small particles in fluid. (c) In contrast, 
receptor-mediated endocytosis is quite 
selective. When external receptors bind a 
specific ligand, the cell responds by 
endocytosing the ligand. 


Phagocytosis and pinocytosis take in large portions of extracellular 
material, and they are typically not highly selective in the substances they 
bring in. Cells regulate the endocytosis of specific substances via receptor- 
mediated endocytosis. Receptor-mediated endocytosis is endocytosis by a 
portion of the cell membrane that contains many receptors that are specific 
for a certain substance. Once the surface receptors have bound sufficient 
amounts of the specific substance (the receptor’s ligand), the cell will 
endocytose the part of the cell membrane containing the receptor-ligand 
complexes. Iron, a required component of hemoglobin, is endocytosed by 
red blood cells in this way. Iron is bound to a protein called transferrin in 
the blood. Specific transferrin receptors on red blood cell surfaces bind the 


iron-transferrin molecules, and the cell endocytoses the receptor-ligand 
complexes. 


In contrast with endocytosis, exocytosis (taking “out of the cell’) is the 
process of a cell exporting material using vesicular transport ((link]). Many 
cells manufacture substances that must be secreted, like a factory 
manufacturing a product for export. These substances are typically 
packaged into membrane-bound vesicles within the cell. When the vesicle 
membrane fuses with the cell membrane, the vesicle releases it contents 
into the interstitial fluid. The vesicle membrane then becomes part of the 
cell membrane. Cells of the stomach and pancreas produce and secrete 
digestive enzymes through exocytosis ([link]). Endocrine cells produce and 
secrete hormones that are sent throughout the body, and certain immune 
cells produce and secrete large amounts of histamine, a chemical important 
for immune responses. 

Exocytosis 
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Exocytosis is much like 
endocytosis in reverse. 
Material destined for 
export is packaged into a 
vesicle inside the cell. 
The membrane of the 
vesicle fuses with the cell 
membrane, and the 


contents are released into 
the extracellular space. 


Pancreatic acinar cell 


— = Secretory vesicles 


The pancreatic acinar cells produce and 
secrete many enzymes that digest food. 
The tiny black granules in this electron 
micrograph are secretory vesicles filled 
with enzymes that will be exported from 
the cells via exocytosis. LM x 2900. 
(Micrograph provided by the Regents of 
University of Michigan Medical School © 
2012) 


Note: 
ee 


View the University of Michigan WebScope to explore the tissue sample in 
greater detail. 


Note: 

Diseases of the... 

Cell: Cystic Fibrosis 

Cystic fibrosis (CF) affects approximately 30,000 people in the United 
States, with about 1,000 new cases reported each year. The genetic disease 
is most well known for its damage to the lungs, causing breathing 
difficulties and chronic lung infections, but it also affects the liver, 
pancreas, and intestines. Only about 50 years ago, the prognosis for 
children born with CF was very grim—a life expectancy rarely over 10 
years. Today, with advances in medical treatment, many CF patients live 
into their 30s. 

The symptoms of CF result from a malfunctioning membrane ion channel 
called the cystic fibrosis transmembrane conductance regulator, or CFTR. 
In healthy people, the CFTR protein is an integral membrane protein that 
transports Cl ions out of the cell. In a person who has CF, the gene for the 
CFTR is mutated, thus, the cell manufactures a defective channel protein 
that typically is not incorporated into the membrane, but is instead 
degraded by the cell. 

The CFTR requires ATP in order to function, making its Cl transport a 
form of active transport. This characteristic puzzled researchers for a long 
time because the Cl ions are actually flowing down their concentration 
gradient when transported out of cells. Active transport generally pumps 
ions against their concentration gradient, but the CFTR presents an 
exception to this rule. 

In normal lung tissue, the movement of Cl” out of the cell maintains a Cl -- 
rich, negatively charged environment immediately outside of the cell. This 
is particularly important in the epithelial lining of the respiratory system. 
Respiratory epithelial cells secrete mucus, which serves to trap dust, 
bacteria, and other debris. A cilium (plural = cilia) is one of the hair-like 
appendages found on certain cells. Cilia on the epithelial cells move the 
mucus and its trapped particles up the airways away from the lungs and 
toward the outside. In order to be effectively moved upward, the mucus 


cannot be too viscous; rather it must have a thin, watery consistency. The 
transport of Cl and the maintenance of an electronegative environment 
outside of the cell attract positive ions such as Na” to the extracellular 
space. The accumulation of both Cl and Na’ ions in the extracellular 
Space creates solute-rich mucus, which has a low concentration of water 
molecules. As a result, through osmosis, water moves from cells and 
extracellular matrix into the mucus, “thinning” it out. This is how, ina 
normal respiratory system, the mucus is kept sufficiently watered-down to 
be propelled out of the respiratory system. 

If the CFTR channel is absent, Cl" ions are not transported out of the cell 
in adequate numbers, thus preventing them from drawing positive ions. 
The absence of ions in the secreted mucus results in the lack of a normal 
water concentration gradient. Thus, there is no osmotic pressure pulling 
water into the mucus. The resulting mucus is thick and sticky, and the 
ciliated epithelia cannot effectively remove it from the respiratory system. 
Passageways in the lungs become blocked with mucus, along with the 
debris it carries. Bacterial infections occur more easily because bacterial 
cells are not effectively carried away from the lungs. 


Chapter Review 


The cell membrane provides a barrier around the cell, separating its internal 
components from the extracellular environment. It is composed of a 
phospholipid bilayer, with hydrophobic internal lipid “tails” and 
hydrophilic external phosphate “heads.” Various membrane proteins are 
scattered throughout the bilayer, both inserted within it and attached to it 
peripherally. The cell membrane is selectively permeable, allowing only a 
limited number of materials to diffuse through its lipid bilayer. All materials 
that cross the membrane do so using passive (non energy-requiring) or 
active (energy-requiring) transport processes. During passive transport, 
materials move by simple diffusion or by facilitated diffusion through the 
membrane, down their concentration gradient. Water passes through the 
membrane in a diffusion process called osmosis. During active transport, 
energy is expended to assist material movement across the membrane in a 


direction against their concentration gradient. Active transport may take 
place with the help of protein pumps or through the use of vesicles. 


Interactive Link Questions 


Exercise: 


Problem: 


Visit this link to see diffusion and how it is propelled by the kinetic 
energy of molecules in solution. How does temperature affect diffusion 
rate, and why? 


Solution: 


Higher temperatures speed up diffusion because molecules have more 
kinetic energy at higher temperatures. 


Review Questions 


Exercise: 


Problem: 


Because they are embedded within the membrane, ion channels are 
examples of 


a. receptor proteins 
b. integral proteins 

c. peripheral proteins 
d. glycoproteins 


Solution: 


B 


Exercise: 


Problem: 


The diffusion of substances within a solution tends to move those 
substances their gradient. 


a. up; electrical 

b. up; electrochemical 
c. down; pressure 

d. down; concentration 


Solution: 


D 


Exercise: 


Problem:lon pumps and phagocytosis are both examples of 


a. endocytosis 

b. passive transport 

c. active transport 

d. facilitated diffusion 


Solution: 


‘e 
Exercise: 
Problem: 


Choose the answer that best completes the following analogy: 
Diffusion is to as endocytosis is to 


a. filtration; phagocytosis 
b. osmosis; pinocytosis 
c. solutes; fluid 


d. gradient; chemical energy 


Solution: 


B 


Critical Thinking Questions 


Exercise: 


Problem: 
What materials can easily diffuse through the lipid bilayer, and why? 
Solution: 


Only materials that are relatively small and nonpolar can easily diffuse 
through the lipid bilayer. Large particles cannot fit in between the 
individual phospholipids that are packed together, and polar molecules 
are repelled by the hydrophobic/nonpolar lipids that line the inside of 
the bilayer. 


Exercise: 


Problem: 


Why is receptor-mediated endocytosis said to be more selective than 
phagocytosis or pinocytosis? 


Solution: 


Receptor-mediated endocytosis is more selective because the 
substances that are brought into the cell are the specific ligands that 
could bind to the receptors being endocytosed. Phagocytosis or 
pinocytosis, on the other hand, have no such receptor-ligand 
specificity, and bring in whatever materials happen to be close to the 
membrane when it is enveloped. 


Exercise: 


Problem: 


What do osmosis, diffusion, filtration, and the movement of ions away 
from like charge all have in common? In what way do they differ? 


Solution: 


These four phenomena are similar in the sense that they describe the 
movement of substances down a particular type of gradient. Osmosis 
and diffusion involve the movement of water and other substances 
down their concentration gradients, respectively. Filtration describes 
the movement of particles down a pressure gradient, and the 
movement of ions away from like charge describes their movement 
down their electrical gradient. 


Glossary 


active transport 
form of transport across the cell membrane that requires input of 
cellular energy 


amphipathic 
describes a molecule that exhibits a difference in polarity between its 
two ends, resulting in a difference in water solubility 


cell membrane 
membrane surrounding all animal cells, composed of a lipid bilayer 
interspersed with various molecules; also known as plasma membrane 


channel protein 
membrane-spanning protein that has an inner pore which allows the 
passage of one or more substances 


concentration gradient 
difference in the concentration of a substance between two regions 


diffusion 
movement of a substance from an area of higher concentration to one 
of lower concentration 


electrical gradient 
difference in the electrical charge (potential) between two regions 


endocytosis 
import of material into the cell by formation of a membrane-bound 
vesicle 


exocytosis 
export of a substance out of a cell by formation of a membrane-bound 
vesicle 


extracellular fluid (ECF) 
fluid exterior to cells; includes the interstitial fluid, blood plasma, and 
fluid found in other reservoirs in the body 


facilitated diffusion 
diffusion of a substance with the aid of a membrane protein 


glycocalyx 
coating of sugar molecules that surrounds the cell membrane 


glycoprotein 
protein that has one or more carbohydrates attached 


hydrophilic 
describes a substance or structure attracted to water 


hydrophobic 
describes a substance or structure repelled by water 


hypertonic 
describes a solution concentration that is higher than a reference 
concentration 


hypotonic 


describes a solution concentration that is lower than a reference 
concentration 


integral protein 
membrane-associated protein that spans the entire width of the lipid 
bilayer 


interstitial fluid (IF) 
fluid in the small spaces between cells not contained within blood 
vessels 


intracellular fluid (ICF) 
fluid in the cytosol of cells 


isotonic 
describes a solution concentration that is the same as a reference 
concentration 


ligand 
molecule that binds with specificity to a specific receptor molecule 


osmosis 
diffusion of water molecules down their concentration gradient across 
a selectively permeable membrane 


passive transport 
form of transport across the cell membrane that does not require input 
of cellular energy 


peripheral protein 
membrane-associated protein that does not span the width of the lipid 
bilayer, but is attached peripherally to integral proteins, membrane 
lipids, or other components of the membrane 


phagocytosis 
endocytosis of large particles 


pinocytosis 


endocytosis of fluid 


receptor 
protein molecule that contains a binding site for another specific 
molecule (called a ligand) 


receptor-mediated endocytosis 
endocytosis of ligands attached to membrane-bound receptors 


selective permeability 
feature of any barrier that allows certain substances to cross but 
excludes others 


sodium-potassium pump 
(also, Na*/K* ATP-ase) membrane-embedded protein pump that uses 
ATP to move Na’ out of a cell and K” into the cell 


vesicle 
membrane-bound structure that contains materials within or outside of 
the cell 


Cell Structures 
By the end of this section, you will be able to: 


¢ Describe the structure and function of the cellular organelles 
associated with the endomembrane system, including the endoplasmic 
reticulum, Golgi apparatus, and lysosomes 

e Describe the structure and function of mitochondria and peroxisomes 

e Explain the three components of the cytoskeleton, including their 
composition and functions 


Now that you have learned that the cell membrane surrounds all cells, you 
can dive inside of a prototypical human cell to learn about its internal 
components and their functions. All living cells in multicellular organisms 
contain an internal cytoplasmic compartment, and a nucleus within the 
cytoplasm. Cytosol, the jelly-like substance within the cell, provides the 
fluid medium necessary for biochemical reactions. Eukaryotic cells, 
including all animal cells, also contain various cellular organelles. An 
organelle (“little organ’’) is one of several different types of membrane- 
enclosed bodies in the cell, each performing a unique function. Just as the 
various bodily organs work together in harmony to perform all of a human’s 
functions, the many different cellular organelles work together to keep the 
cell healthy and performing all of its important functions. The organelles 
and cytosol, taken together, compose the cell’s cytoplasm. The nucleus is a 
cell’s central organelle, which contains the cell’s DNA ({link]). 

Prototypical Human Cell 


Mitochondria 


Intermediate 


filament Plasma 


membrane 
Ribosomes 


Rough endoplasmic Microtubule 


reticulum 


Nucleus Centrosome 


Nucleolus Microfilament 


Chromatin 


Lysosome 


Golgi 


apparatus Smooth endoplasmic 


reticulum 


Secretory vesicle 


Golgi vesicle Peroxisome 


Cytoplasm Vacuole 
While this image is not indicative of any one 
particular human cell, it is a prototypical example 
of a cell containing the primary organelles and 
internal structures. 


Organelles of the Endomembrane System 


A set of three major organelles together form a system within the cell called 
the endomembrane system. These organelles work together to perform 
various cellular jobs, including the task of producing, packaging, and 
exporting certain cellular products. The organelles of the endomembrane 
system include the endoplasmic reticulum, Golgi apparatus, and vesicles. 


Endoplasmic Reticulum 


The endoplasmic reticulum (ER) is a system of channels that is 
continuous with the nuclear membrane (or “envelope”) covering the 
nucleus and composed of the same lipid bilayer material. The ER can be 
thought of as a series of winding thoroughfares similar to the waterway 
canals in Venice. The ER provides passages throughout much of the cell 
that function in transporting, synthesizing, and storing materials. The 


winding structure of the ER results in a large membranous surface area that 


supports its many functions ([link]). 


Smooth ER 


(a) The ER is a winding network of thin membranous sacs 
found in close association with the cell nucleus. The smooth 
and rough endoplasmic reticula are very different in 
appearance and function (source: mouse tissue). (b) Rough ER 
is studded with numerous ribosomes, which are sites of protein 
synthesis (source: mouse tissue). EM x 110,000. (c) Smooth 
ER synthesizes phospholipids, steroid hormones, regulates the 
concentration of cellular Ca**, metabolizes some 


carbohydrates, and breaks down certain toxins (source: mouse 
tissue). EM x 110,510. (Micrographs provided by the Regents 
of University of Michigan Medical School © 2012) 


Endoplasmic reticulum can exist in two forms: rough ER and smooth ER. 
These two types of ER perform some very different functions and can be 
found in very different amounts depending on the type of cell. Rough ER 
(RER) is so-called because its membrane is dotted with embedded granules 
—organelles called ribosomes, giving the RER a bumpy appearance. A 
ribosome is an organelle that serves as the site of protein synthesis. It is 
composed of two ribosomal RNA subunits that wrap around mRNA to start 
the process of translation, followed by protein synthesis. Smooth ER (SER) 
lacks these ribosomes. 


One of the main functions of the smooth ER is in the synthesis of lipids. 
The smooth ER synthesizes phospholipids, the main component of 
biological membranes, as well as steroid hormones. For this reason, cells 
that produce large quantities of such hormones, such as those of the female 
ovaries and male testes, contain large amounts of smooth ER. In addition to 
lipid synthesis, the smooth ER also sequesters (i.e., stores) and regulates the 
concentration of cellular Ca**, a function extremely important in cells of 
the nervous system where Ca™ is the trigger for neurotransmitter release. 
The smooth ER additionally metabolizes some carbohydrates and performs 
a detoxification role, breaking down certain toxins. 


In contrast with the smooth ER, the primary job of the rough ER is the 
synthesis and modification of proteins destined for the cell membrane or for 
export from the cell. For this protein synthesis, many ribosomes attach to 
the ER (giving it the studded appearance of rough ER). Typically, a protein 
is synthesized within the ribosome and released inside the channel of the 
rough ER, where sugars can be added to it (by a process called 
glycosylation) before it is transported within a vesicle to the next stage in 
the packaging and shipping process: the Golgi apparatus. 


The Golgi Apparatus 


The Golgi apparatus is responsible for sorting, modifying, and shipping 
off the products that come from the rough ER, much like a post-office. The 
Golgi apparatus looks like stacked flattened discs, almost like stacks of 
oddly shaped pancakes. Like the ER, these discs are membranous. The 
Golgi apparatus has two distinct sides, each with a different role. One side 
of the apparatus receives products in vesicles. These products are sorted 
through the apparatus, and then they are released from the opposite side 
after being repackaged into new vesicles. If the product is to be exported 
from the cell, the vesicle migrates to the cell surface and fuses to the cell 
membrane, and the cargo is secreted ([link]). 

Golgi Apparatus 


Transport 
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(a) 


(a) The Golgi apparatus manipulates products from the rough 
ER, and also produces new organelles called lysosomes. 
Proteins and other products of the ER are sent to the Golgi 
apparatus, which organizes, modifies, packages, and tags them. 
Some of these products are transported to other areas of the cell 
and some are exported from the cell through exocytosis. 
Enzymatic proteins are packaged as new lysosomes (or 


packaged and sent for fusion with existing lysosomes). (b) An 
electron micrograph of the Golgi apparatus. 


Lysosomes 


Some of the protein products packaged by the Golgi include digestive 
enzymes that are meant to remain inside the cell for use in breaking down 
certain materials. The enzyme-containing vesicles released by the Golgi 
may form new lysosomes, or fuse with existing, lysosomes. A lysosome is 
an organelle that contains enzymes that break down and digest unneeded 
cellular components, such as a damaged organelle. (A lysosome is similar 
to a wrecking crew that takes down old and unsound buildings in a 
neighborhood.) Autophagy (“self-eating”) is the process of a cell digesting 
its own structures. Lysosomes are also important for breaking down foreign 
material. For example, when certain immune defense cells (white blood 
cells) phagocytize bacteria, the bacterial cell is transported into a lysosome 
and digested by the enzymes inside. As one might imagine, such phagocytic 
defense cells contain large numbers of lysosomes. 


Under certain circumstances, lysosomes perform a more grand and dire 
function. In the case of damaged or unhealthy cells, lysosomes can be 
triggered to open up and release their digestive enzymes into the cytoplasm 
of the cell, killing the cell. This “self-destruct” mechanism is called 
autolysis, and makes the process of cell death controlled (a mechanism 
called “apoptosis”). 


Note: 
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Watch this video to learn about the endomembrane system, which includes 
the rough and smooth ER and the Golgi body as well as lysosomes and 
vesicles. What is the primary role of the endomembrane system? 


ull 


Organelles for Energy Production and Detoxification 


In addition to the jobs performed by the endomembrane system, the cell has 
many other important functions. Just as you must consume nutrients to 
provide yourself with energy, so must each of your cells take in nutrients, 
some of which convert to chemical energy that can be used to power 
biochemical reactions. Another important function of the cell is 
detoxification. Humans take in all sorts of toxins from the environment and 
also produce harmful chemicals as byproducts of cellular processes. Cells 
called hepatocytes in the liver detoxify many of these toxins. 


Mitochondria 


A mitochondrion (plural = mitochondria) is a membranous, bean-shaped 
organelle that is the “energy transformer” of the cell. Mitochondria consist 
of an outer lipid bilayer membrane as well as an additional inner lipid 
bilayer membrane ((link]). The inner membrane is highly folded into 
winding structures with a great deal of surface area, called cristae. It is 
along this inner membrane that a series of proteins, enzymes, and other 
molecules perform the biochemical reactions of cellular respiration. These 
reactions convert energy stored in nutrient molecules (such as glucose) into 
adenosine triphosphate (ATP), which provides usable cellular energy to the 
cell. Cells use ATP constantly, and so the mitochondria are constantly at 
work. Oxygen molecules are required during cellular respiration, which is 


why you must constantly breathe it in. One of the organ systems in the body 
that uses huge amounts of ATP is the muscular system because ATP is 
required to sustain muscle contraction. As a result, muscle cells are packed 
full of mitochondria. Nerve cells also need large quantities of ATP to run 
their sodium-potassium pumps. Therefore, an individual neuron will be 
loaded with over a thousand mitochondria. On the other hand, a bone cell, 
which is not nearly as metabolically-active, might only have a couple 
hundred mitochondria. 

Mitochondrion 
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(a) 


The mitochondria are the energy-conversion factories of the 
cell. (a) A mitochondrion is composed of two separate lipid 
bilayer membranes. Along the inner membrane are various 
molecules that work together to produce ATP, the cell’s 
major energy currency. (b) An electron micrograph of 
mitochondria. EM x 236,000. (Micrograph provided by the 
Regents of University of Michigan Medical School © 
2012) 


Peroxisomes 


Like lysosomes, a peroxisome is a membrane-bound cellular organelle that 
contains mostly enzymes ([link]). Peroxisomes perform a couple of 


different functions, including lipid metabolism and chemical detoxification. 
In contrast to the digestive enzymes found in lysosomes, the enzymes 
within peroxisomes serve to transfer hydrogen atoms from various 
molecules to oxygen, producing hydrogen peroxide (H»O>). In this way, 
peroxisomes neutralize poisons such as alcohol. In order to appreciate the 
importance of peroxisomes, it is necessary to understand the concept of 
reactive oxygen species. 


Peroxisome 
Lipid bilayer 


Plasma 
membrane 


Peroxisomes are membrane- 
bound organelles that contain 
an abundance of enzymes for 
detoxifying harmful 
substances and lipid 
metabolism. 


Reactive oxygen species (ROS) such as peroxides and free radicals are the 
highly reactive products of many normal cellular processes, including the 
mitochondrial reactions that produce ATP and oxygen metabolism. 
Examples of ROS include the hydroxyl radical OH, HO», and superoxide ( 
O, ). Some ROS are important for certain cellular functions, such as cell 
signaling processes and immune responses against foreign substances. Free 
radicals are reactive because they contain free unpaired electrons; they can 
easily oxidize other molecules throughout the cell, causing cellular damage 


and even cell death. Free radicals are thought to play a role in many 
destructive processes in the body, from cancer to coronary artery disease. 


Peroxisomes, on the other hand, oversee reactions that neutralize free 
radicals. Peroxisomes produce large amounts of the toxic HO> in the 
process, but peroxisomes contain enzymes that convert H)O> into water and 
oxygen. These byproducts are safely released into the cytoplasm. Like 
miniature sewage treatment plants, peroxisomes neutralize harmful toxins 
so that they do not wreak havoc in the cells. The liver is the organ primarily 
responsible for detoxifying the blood before it travels throughout the body, 
and liver cells contain an exceptionally high number of peroxisomes. 


Defense mechanisms such as detoxification within the peroxisome and 
certain cellular antioxidants serve to neutralize many of these molecules. 
Some vitamins and other substances, found primarily in fruits and 
vegetables, have antioxidant properties. Antioxidants work by being 
oxidized themselves, halting the destructive reaction cascades initiated by 
the free radicals. Sometimes though, ROS accumulate beyond the capacity 
of such defenses. 


Oxidative stress is the term used to describe damage to cellular components 
caused by ROS. Due to their characteristic unpaired electrons, ROS can set 
off chain reactions where they remove electrons from other molecules, 
which then become oxidized and reactive, and do the same to other 
molecules, causing a chain reaction. ROS can cause permanent damage to 
cellular lipids, proteins, carbohydrates, and nucleic acids. Damaged DNA 
can lead to genetic mutations and even cancer. A mutation is a change in 
the nucleotide sequence in a gene within a cell’s DNA, potentially altering 
the protein coded by that gene. Other diseases believed to be triggered or 
exacerbated by ROS include Alzheimer’s disease, cardiovascular diseases, 
diabetes, Parkinson’s disease, arthritis, Huntington’s disease, and 
schizophrenia, among many others. It is noteworthy that these diseases are 
largely age-related. Many scientists believe that oxidative stress is a major 
contributor to the aging process. 


Note: 


Aging and the... 

Cell: The Free Radical Theory 

The free radical theory on aging was originally proposed in the 1950s, and 
still remains under debate. Generally speaking, the free radical theory of 
aging suggests that accumulated cellular damage from oxidative stress 
contributes to the physiological and anatomical effects of aging. There are 
two significantly different versions of this theory: one states that the aging 
process itself is a result of oxidative damage, and the other states that 
oxidative damage causes age-related disease and disorders. The latter 
version of the theory is more widely accepted than the former. However, 
many lines of evidence suggest that oxidative damage does contribute to 
the aging process. Research has shown that reducing oxidative damage can 
result in a longer lifespan in certain organisms such as yeast, worms, and 
fruit flies. Conversely, increasing oxidative damage can shorten the 
lifespan of mice and worms. Interestingly, a manipulation called calorie- 
restriction (moderately restricting the caloric intake) has been shown to 
increase life span in some laboratory animals. It is believed that this 
increase is at least in part due to a reduction of oxidative stress. However, a 
long-term study of primates with calorie-restriction showed no increase in 
their lifespan. A great deal of additional research will be required to better 
understand the link between reactive oxygen species and aging. 


The Cytoskeleton 


Much like the bony skeleton structurally supports the human body, the 
cytoskeleton helps the cells to maintain their structural integrity. The 
cytoskeleton is a group of fibrous proteins that provide structural support 
for cells, but this is only one of the functions of the cytoskeleton. 
Cytoskeletal components are also critical for cell motility, cell reproduction, 
and transportation of substances within the cell. 


The cytoskeleton forms a complex thread-like network throughout the cell 
consisting of three different kinds of protein-based filaments: 
microfilaments, intermediate filaments, and microtubules ([link]). The 
thickest of the three is the microtubule, a structural filament composed of 


subunits of a protein called tubulin. Microtubules maintain cell shape and 
structure, help resist compression of the cell, and play a role in positioning 
the organelles within the cell. Microtubules also make up two types of 
cellular appendages important for motion: cilia and flagella. Cilia are found 
on many cells of the body, including the epithelial cells that line the airways 
of the respiratory system. Cilia move rhythmically; they beat constantly, 
moving waste materials such as dust, mucus, and bacteria upward through 
the airways, away from the lungs and toward the mouth. Beating cilia on 
cells in the female fallopian tubes move egg cells from the ovary towards 
the uterus. A flagellum (plural = flagella) is an appendage larger than a 
cilium and specialized for cell locomotion. The only flagellated cell in 
humans is the sperm cell that must propel itself towards female egg cells. 
The Three Components of the Cytoskeleton 
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(a) (b) (c) 


The cytoskeleton consists of (a) microtubules, (b) 
microfilaments, and (c) intermediate filaments. The 
cytoskeleton plays an important role in maintaining cell 
shape and structure, promoting cellular movement, and 
aiding cell division. 


A very important function of microtubules is to set the paths (somewhat 
like railroad tracks) along which the genetic material can be pulled (a 
process requiring ATP) during cell division, so that each new daughter cell 
receives the appropriate set of chromosomes. Two short, identical 


microtubule structures called centrioles are found near the nucleus of cells. 
A centriole can serve as the cellular origin point for microtubules extending 
outward as cilia or flagella or can assist with the separation of DNA during 
cell division. Microtubules grow out from the centrioles by adding more 
tubulin subunits, like adding additional links to a chain. 


In contrast with microtubules, the microfilament is a thinner type of 
cytoskeletal filament (see [link]b). Actin, a protein that forms chains, is the 
primary component of these microfilaments. Actin fibers, twisted chains of 
actin filaments, constitute a large component of muscle tissue and, along 
with the protein myosin, are responsible for muscle contraction. Like 
microtubules, actin filaments are long chains of single subunits (called actin 
subunits). In muscle cells, these long actin strands, called thin filaments, are 
“pulled” by thick filaments of the myosin protein to contract the cell. 


Actin also has an important role during cell division. When a cell is about to 
split in half during cell division, actin filaments work with myosin to create 
a cleavage furrow that eventually splits the cell down the middle, forming 
two new cells from the original cell. 


The final cytoskeletal filament is the intermediate filament. As its name 
would suggest, an intermediate filament is a filament intermediate in 
thickness between the microtubules and microfilaments (see [link]c). 
Intermediate filaments are made up of long fibrous subunits of a protein 
called keratin that are wound together like the threads that compose a rope. 
Intermediate filaments, in concert with the microtubules, are important for 
maintaining cell shape and structure. Unlike the microtubules, which resist 
compression, intermediate filaments resist tension—the forces that pull 
apart cells. There are many cases in which cells are prone to tension, such 
as when epithelial cells of the skin are compressed, tugging them in 
different directions. Intermediate filaments help anchor organelles together 
within a cell and also link cells to other cells by forming special cell-to-cell 
junctions. 


Chapter Review 


The internal environmental of a living cell is made up of a fluid, jelly-like 
substance called cytosol, which consists mainly of water, but also contains 
various dissolved nutrients and other molecules. The cell contains an array 
of cellular organelles, each one performing a unique function and helping to 
maintain the health and activity of the cell. The cytosol and organelles 
together compose the cell’s cytoplasm. Most organelles are surrounded by a 
lipid membrane similar to the cell membrane of the cell. The endoplasmic 
reticulum (ER), Golgi apparatus, and lysosomes share a functional 
connectivity and are collectively referred to as the endomembrane system. 
There are two types of ER: smooth and rough. While the smooth ER 
performs many functions, including lipid synthesis and ion storage, the 
rough ER is mainly responsible for protein synthesis using its associated 
ribosomes. The rough ER sends newly made proteins to the Golgi apparatus 
where they are modified and packaged for delivery to various locations 
within or outside of the cell. Some of these protein products are enzymes 
destined to break down unwanted material and are packaged as lysosomes 
for use inside the cell. 


Cells also contain mitochondria and peroxisomes, which are the organelles 
responsible for producing the cell’s energy supply and detoxifying certain 
chemicals, respectively. Biochemical reactions within mitochondria 
transform energy-carrying molecules into the usable form of cellular energy 
known as ATP. Peroxisomes contain enzymes that transform harmful 
substances such as free radicals into oxygen and water. Cells also contain a 
miniaturized “skeleton” of protein filaments that extend throughout its 
interior. Three different kinds of filaments compose this cytoskeleton (in 
order of increasing thickness): microfilaments, intermediate filaments, and 
microtubules. Each cytoskeletal component performs unique functions as 
well as provides a supportive framework for the cell. 


Interactive Link Questions 


Exercise: 


Problem: 


Watch this video to learn about the endomembrane system, which 
includes the rough and smooth ER and the Golgi body as well as 
lysosomes and vesicles. What is the primary role of the endomembrane 
system? 


Solution: 


Processing, packaging, and moving materials manufactured by the cell. 


Review Questions 


Exercise: 
Problem: 
Choose the term that best completes the following analogy: Cytoplasm 


is to cytosol as a swimming pool containing chlorine and flotation toys 
is to 


a. the walls of the pool 
b. the chlorine 

c. the flotation toys 

d. the water 


Solution: 


D 
Exercise: 


Problem: 
The rough ER has its name due to what associated structures? 


a. Golgi apparatus 
b. ribosomes 


c. lysosomes 
d. proteins 


Solution: 


B 


Exercise: 


Problem: Which of the following is a function of the rough ER? 


a. production of proteins 

b. detoxification of certain substances 

c. synthesis of steroid hormones 

d. regulation of intracellular calcium concentration 


Solution: 


A 
Exercise: 


Problem: 


Which of the following is a feature common to all three components of 
the cytoskeleton? 


a. They all serve to scaffold the organelles within the cell. 
b. They are all characterized by roughly the same diameter. 
c. They are all polymers of protein subunits. 

d. They all help the cell resist compression and tension. 


Solution: 


C 


Exercise: 


Problem: 


Which of the following organelles produces large quantities of ATP 
when both glucose and oxygen are available to the cell? 


a. mitochondria 
b. peroxisomes 
c. lysosomes 

d. ER 


Solution: 


A 


Critical Thinking Questions 


Exercise: 


Problem: 


Explain why the structure of the ER, mitochondria, and Golgi 
apparatus assist their respective functions. 


Solution: 


The structure of the Golgi apparatus is suited to its function because it 
is a series of flattened membranous discs; substances are modified and 
packaged in sequential steps as they travel from one disc to the next. 
The structure of Golgi apparatus also involves a receiving face anda 
sending face, which organize cellular products as they enter and leave 
the Golgi apparatus. The ER and the mitochondria both have structural 
specializations that increase their surface area. In the mitochondria, the 
inner membrane is extensively folded, which increases surface area for 
ATP production. Likewise, the ER is elaborately wound throughout the 
cell, increasing its surface area for functions like lipid synthesis, Ca** 
storage, and protein synthesis. 


Exercise: 
Problem: 


Compare and contrast lysosomes with peroxisomes: name at least two 
similarities and one difference. 


Solution: 


Peroxisomes and lysosomes are both cellular organelles bound by lipid 
bilayer membranes, and they both contain many enzymes. However, 
peroxisomes contain enzymes that detoxify substances by transferring 
hydrogen atoms and producing H»O>, whereas the enzymes in 
lysosomes function to break down and digest various unwanted 
materials. 
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Glossary 


autolysis 
breakdown of cells by their own enzymatic action 


autophagy 
lysosomal breakdown of a cell’s own components 


centriole 
small, self-replicating organelle that provides the origin for 
microtubule growth and moves DNA during cell division 


cilia 


small appendage on certain cells formed by microtubules and modified 
for movement of materials across the cellular surface 


cytoplasm 
internal material between the cell membrane and nucleus of a cell, 
mainly consisting of a water-based fluid called cytosol, within which 
are all the other organelles and cellular solute and suspended materials 


cytoskeleton 
“skeleton” of a cell; formed by rod-like proteins that support the cell’s 
shape and provide, among other functions, locomotive abilities 


cytosol 
clear, semi-fluid medium of the cytoplasm, made up mostly of water 


endoplasmic reticulum (ER) 
cellular organelle that consists of interconnected membrane-bound 
tubules, which may or may not be associated with ribosomes (rough 
type or smooth type, respectively) 


flagellum 
appendage on certain cells formed by microtubules and modified for 
movement 


Golgi apparatus 
cellular organelle formed by a series of flattened, membrane-bound 
sacs that functions in protein modification, tagging, packaging, and 
transport 


intermediate filament 
type of cytoskeletal filament made of keratin, characterized by an 
intermediate thickness, and playing a role in resisting cellular tension 


lysosome 
membrane-bound cellular organelle originating from the Golgi 


apparatus and containing digestive enzymes 


microfilament 


the thinnest of the cytoskeletal filaments; composed of actin subunits 
that function in muscle contraction and cellular structural support 


microtubule 
the thickest of the cytoskeletal filaments, composed of tubulin subunits 
that function in cellular movement and structural support 


mitochondrion 
one of the cellular organelles bound by a double lipid bilayer that 
function primarily in the production of cellular energy (ATP) 


mutation 
change in the nucleotide sequence in a gene within a cell’s DNA 


nucleus 
cell’s central organelle; contains the cell’s DNA 


organelle 
any of several different types of membrane-enclosed specialized 
structures in the cell that perform specific functions for the cell 


peroxisome 
membrane-bound organelle that contains enzymes primarily 
responsible for detoxifying harmful substances 


reactive oxygen species (ROS) 
a group of extremely reactive peroxides and oxygen-containing 
radicals that may contribute to cellular damage 


ribosome 
cellular organelle that functions in protein synthesis 


Protein Structure 
By the end of this section, you will be able to: 


¢ Describe the functions proteins perform in the cell and in tissues 
e Discuss the relationship between amino acids and proteins 

e Explain the four levels of protein organization 

e Describe the ways in which protein shape and function are linked 


Proteins are one of the most abundant organic molecules in living systems 
and have the most diverse range of functions of all macromolecules. 
Proteins may be structural, regulatory, contractile, or protective; they may 
serve in transport, storage, or membranes; or they may be toxins or 
enzymes. Each cell in a living system may contain thousands of proteins, 
each with a unique function. Their structures, like their functions, vary 
greatly. They are all, however, polymers of amino acids, arranged in a linear 
sequence. 


Types and Functions of Proteins 


Enzymes, which are produced by living cells, are catalysts in biochemical 
reactions (like digestion) and are usually complex or conjugated proteins. 
Each enzyme is specific for the substrate (a reactant that binds to an 
enzyme) it acts on. The enzyme may help in breakdown, rearrangement, or 
synthesis reactions. Enzymes that break down their substrates are called 
catabolic enzymes, enzymes that build more complex molecules from their 
substrates are called anabolic enzymes, and enzymes that affect the rate of 
reaction are called catalytic enzymes. It should be noted that all enzymes 
increase the rate of reaction and, therefore, are considered to be organic 
catalysts. An example of an enzyme is salivary amylase, which hydrolyzes 
its substrate amylose, a component of starch. 


Hormones are chemical-signaling molecules, usually small proteins or 
steroids, secreted by endocrine cells that act to control or regulate specific 
physiological processes, including growth, development, metabolism, and 
reproduction. For example, insulin is a protein hormone that helps to 
regulate the blood glucose level. The primary types and functions of 
proteins are listed in [link]. 


Protein Types and Functions 


Type 


Digestive 
Enzymes 


Transport 


Structural 


Hormones 


Defense 


Contractile 


Storage 


Examples 


Amylase, lipase, 
pepsin, trypsin 


Hemoglobin, 
albumin 


Actin, tubulin, 
keratin 


Insulin, thyroxine 


Immunoglobulins 


Actin, myosin 


Legume storage 
proteins, egg 
white (albumin) 


Functions 


Help in digestion of food by 
catabolizing nutrients into 
monomeric units 


Carry substances in the blood 
or lymph throughout the body 


Construct different structures, 
like the cytoskeleton 


Coordinate the activity of 
different body systems 


Protect the body from foreign 
pathogens 


Effect muscle contraction 
Provide nourishment in early 


development of the embryo 
and the seedling 


Proteins have different shapes and molecular weights; some proteins are 
globular in shape whereas others are fibrous in nature. For example, 
hemoglobin is a globular protein, but collagen, found in our skin, is a 
fibrous protein. Protein shape is critical to its function, and this shape is 
maintained by many different types of chemical bonds. Changes in 


temperature, pH, and exposure to chemicals may lead to permanent changes 


in the shape of the protein, leading to loss of function, known as 
denaturation. All proteins are made up of different arrangements of the 
same 20 types of amino acids. 


Amino Acids 


Amino acids are the monomers that make up proteins. Each amino acid has 
the same fundamental structure, which consists of a central carbon atom, 
also known as the alpha (a) carbon, bonded to an amino group (NH), a 
carboxyl group (COOH), and to a hydrogen atom. Every amino acid also 
has another atom or group of atoms bonded to the central atom known as 
the R group ([link]). 


Amino group Carboxyl group 


a carbon 


Amino acids have a central 
asymmetric carbon to which an 
amino group, a carboxyl group, a 
hydrogen atom, and a side chain 
(R group) are attached. 


The name "amino acid" is derived from the fact that they contain both 
amino group and carboxyl-acid-group in their basic structure. As 
mentioned, there are 20 amino acids present in proteins. Ten of these are 
considered essential amino acids in humans because the human body cannot 
produce them and they are obtained from the diet. For each amino acid, the 
R group (or side chain) is different ({link]). 
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There are 20 common amino acids commonly found in 
proteins, each with a different R group (variant group) 
that determines its chemical nature. 


Which categories of amino acid would you expect to find on the surface of 
a soluble protein, and which would you expect to find in the interior? What 
distribution of amino acids would you expect to find in a protein embedded 
in a lipid bilayer? 


The chemical nature of the side chain determines the nature of the amino 
acid (that is, whether it is acidic, basic, polar, or nonpolar). For example, the 


amino acid glycine has a hydrogen atom as the R group. Amino acids such 
as valine, methionine, and alanine are nonpolar or hydrophobic in nature, 
while amino acids such as serine, threonine, and cysteine are polar and have 
hydrophilic side chains. The side chains of lysine and arginine are 
positively charged, and therefore these amino acids are also known as basic 
amino acids. Proline has an R group that is linked to the amino group, 
forming a ring-like structure. Proline is an exception to the standard 
structure of an animo acid since its amino group is not separate from the 
side chain ((Link]). 


Amino acids are represented by a single upper case letter or a three-letter 
abbreviation. For example, valine is known by the letter V or the three- 
letter symbol val. Just as some fatty acids are essential to a diet, some 
amino acids are necessary as well. They are known as essential amino 

acids, and in humans they include isoleucine, leucine, and cysteine. 
Essential amino acids refer to those necessary for construction of proteins in 
the body, although not produced by the body; which amino acids are 
essential varies from organism to organism. 


The sequence and the number of amino acids ultimately determine the 
protein's shape, size, and function. Each amino acid is attached to another 
amino acid by a covalent bond, known as a peptide bond, which is formed 
by a dehydration reaction. The carboxyl group of one amino acid and the 
amino group of the incoming amino acid combine, releasing a molecule of 
water. The resulting bond is the peptide bond ({link]). 


Peptide Bond 


Peptide bond formation is a 
dehydration synthesis reaction. 
The carboxyl group of one amino 
acid is linked to the amino group 
of the incoming amino acid. In the 
process, a molecule of water is 
released. 


The products formed by such linkages are called peptides. As more amino 
acids join to this growing chain, the resulting chain is known as a 
polypeptide. Each polypeptide has a free amino group at one end. This end 
is called the N terminal, or the amino terminal, and the other end has a free 
carboxyl group, also known as the C or carboxy] terminal. While the terms 
polypeptide and protein are sometimes used interchangeably, a polypeptide 
is technically a polymer of amino acids, whereas the term protein is used 
for a polypeptide or polypeptides that have combined together, often have 
bound non-peptide prosthetic groups, have a distinct shape, and have a 
unique function. After protein synthesis (translation), most proteins are 
modified. These are known as post-translational modifications. They may 
undergo cleavage, phosphorylation, or may require the addition of other 
chemical groups. Only after these modifications is the protein completely 
functional. 


Note: 
Link to Learning 


Click through the steps of protein synthesis in this interactive tutorial. 


Note: 

Evolution Connection 

The Evolutionary Significance of Cytochrome c 

Cytochrome c is an important component of the electron transport chain, a 
part of cellular respiration, and it is normally found in the cellular 
organelle, the mitochondrion. This protein has a heme prosthetic group, 
and the central ion of the heme gets alternately reduced and oxidized 
during electron transfer. Because this essential protein’s role in producing 
cellular energy is crucial, it has changed very little over millions of years. 
Protein sequencing has shown that there is a considerable amount of 
cytochrome c amino acid sequence homology among different species; in 
other words, evolutionary kinship can be assessed by measuring the 
similarities or differences among various species’ DNA or protein 
sequences. 

Scientists have determined that human cytochrome c contains 104 amino 
acids. For each cytochrome c molecule from different organisms that has 
been sequenced to date, 37 of these amino acids appear in the same 
position in all samples of cytochrome c. This indicates that there may have 
been a common ancestor. On comparing the human and chimpanzee 
protein sequences, no sequence difference was found. When human and 
rhesus monkey sequences were compared, the single difference found was 
in one amino acid. In another comparison, human to yeast sequencing 
shows a difference in the 44th position. 


Protein Structure 


As discussed earlier, the shape of a protein is critical to its function. For 
example, an enzyme can bind to a specific substrate at a site known as the 
active site. If this active site is altered because of local changes or changes 
in overall protein structure, the enzyme may be unable to bind to the 
substrate. To understand how the protein gets its final shape or 
conformation, we need to understand the four levels of protein structure: 
primary, secondary, tertiary, and quaternary. 


Primary Structure 


The unique sequence of amino acids in a polypeptide chain is its primary 
structure. For example, the pancreatic hormone insulin has two 
polypeptide chains, A and B, and they are linked together by disulfide 
bonds. The N terminal amino acid of the A chain is glycine, whereas the C 
terminal amino acid is asparagine ([link]). The sequences of amino acids in 
the A and B chains are unique to insulin. 


Bovine serum insulin is a protein hormone made 
of two peptide chains, A (21 amino acids long) and 
B (30 amino acids long). In each chain, primary 
structure is indicated by three-letter abbreviations 


that represent the names of the amino acids in the 
order they are present. The amino acid cysteine 
(cys) has a sulfhydryl (SH) group as a side chain. 
Two sulfhydryl groups can react in the presence of 
oxygen to form a disulfide (S-S) bond. Two 
disulfide bonds connect the A and B chains 
together, and a third helps the A chain fold into the 
correct shape. Note that all disulfide bonds are the 
same length, but are drawn different sizes for 
clarity. 


The unique sequence for every protein is ultimately determined by the gene 
encoding the protein. A change in nucleotide sequence of the gene’s coding 
region may lead to a different amino acid being added to the growing 
polypeptide chain, causing a change in protein structure and function. In 
sickle cell anemia, the hemoglobin f chain (a small portion of which is 
shown in [link]) has a single amino acid substitution, causing a change in 
protein structure and function. Specifically, the amino acid glutamic acid is 
substituted by valine in the 6 chain. What is most remarkable to consider is 
that a hemoglobin molecule is made up of two alpha chains and two beta 
chains that each consist of about 150 amino acids. The molecule, therefore, 
has about 600 amino acids. The structural difference between a normal 
hemoglobin molecule and a sickle cell molecule—which dramatically 
decreases life expectancy—is a single amino acid of the 600. What is even 
more remarkable is that those 600 amino acids are encoded by three 
nucleotides each, and the mutation is caused by a single base change (point 
mutation), 1 in 1800 bases. 
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The beta chain of hemoglobin is 147 
residues in length, yet a single amino 
acid substitution leads to sickle cell 
anemia. In normal hemoglobin, the 
amino acid at position seven is 
glutamate. In sickle cell hemoglobin, 
this glutamate is replaced by a valine. 


Because of this change of one amino acid in the chain, hemoglobin 
molecules form long fibers that distort the biconcave, or disc-shaped, red 
blood cells and assume a crescent or “sickle” shape, which clogs arteries 
({link]). This can lead to myriad serious health problems such as 
breathlessness, dizziness, headaches, and abdominal pain for those affected 


by this disease. 


In this blood smear, visualized at 
535x magnification using bright 
field microscopy, sickle cells are 
crescent shaped, while normal 
cells are disc-shaped. (credit: 
modification of work by Ed 
Uthman; scale-bar data from Matt 
Russell) 


Secondary Structure 


The local folding of the polypeptide in some regions gives rise to the 
secondary structure of the protein. The most common are the a-helix and 
B-pleated sheet structures ([link]). Both structures are the a-helix structure 
—the helix held in shape by hydrogen bonds. The hydrogen bonds form 
between the oxygen atom in the carbonyl group in one amino acid and 
another amino acid that is four amino acids farther along the chain. 
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The a-helix and B-pleated sheet are 
secondary structures of proteins that form 
because of hydrogen bonding between 
carbonyl and amino groups in the peptide 
backbone. Certain amino acids have a 
propensity to form an a-helix, while others 
have a propensity to form a f-pleated sheet. 


Every helical turn in an alpha helix has 3.6 amino acid residues. The R 
groups (the variant groups) of the polypeptide protrude out from the a-helix 
chain. In the B-pleated sheet, the “pleats” are formed by hydrogen bonding 
between atoms on the backbone of the polypeptide chain. The R groups are 
attached to the carbons and extend above and below the folds of the pleat. 
The pleated segments align parallel or antiparallel to each other, and 
hydrogen bonds form between the partially positive nitrogen atom in the 
amino group and the partially negative oxygen atom in the carbonyl group 
of the peptide backbone. The a-helix and B-pleated sheet structures are 
found in most globular and fibrous proteins and they play an important 
structural role. 


Tertiary Structure 


The unique three-dimensional structure of a polypeptide is its tertiary 
structure ({link]). This structure is in part due to chemical interactions at 
work on the polypeptide chain. Primarily, the interactions among R groups 
creates the complex three-dimensional tertiary structure of a protein. The 
nature of the R groups found in the amino acids involved can counteract the 
formation of the hydrogen bonds described for standard secondary 
structures. For example, R groups with like charges are repelled by each 
other and those with unlike charges are attracted to each other (ionic 
bonds). When protein folding takes place, the hydrophobic R groups of 
nonpolar amino acids lay in the interior of the protein, whereas the 
hydrophilic R groups lay on the outside. The former types of interactions 
are also known as hydrophobic interactions. Interaction between cysteine 
side chains forms disulfide linkages in the presence of oxygen, the only 
covalent bond forming during protein folding. 
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The tertiary structure of proteins is determined by a 
variety of chemical interactions. These include 
hydrophobic interactions, ionic bonding, hydrogen 
bonding and disulfide linkages. 


All of these interactions, weak and strong, determine the final three- 
dimensional shape of the protein. When a protein loses its three- 
dimensional shape, it may no longer be functional. 


Quaternary Structure 


In nature, some proteins are formed from several polypeptides, also known 
as subunits, and the interaction of these subunits forms the quaternary 
structure. Weak interactions between the subunits help to stabilize the 
overall structure. For example, insulin (a globular protein) has a 
combination of hydrogen bonds and disulfide bonds that cause it to be 
mostly clumped into a ball shape. Insulin starts out as a single polypeptide 
and loses some internal sequences in the presence of post-translational 
modification after the formation of the disulfide linkages that hold the 
remaining chains together. Silk (a fibrous protein), however, has a B-pleated 
sheet structure that is the result of hydrogen bonding between different 
chains. 


The four levels of protein structure (primary, secondary, tertiary, and 
quatemary) are illustrated in [link]. 


Amino acids 
Primary Protein structure 
sequence of a chain of 
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Quaternary protein structure 
protein consisting of more 
than one amino acid chain 


The four levels of protein structure can be 
observed in these illustrations. (credit: 
modification of work by National Human Genome 
Research Institute) 


Secondary Protein structure 


hydrogen bonding of the peptide 
backbone causes the amino 
acids to fold into a repeating 
pattern 


NAP 


Denaturation and Protein Folding 


Each protein has its own unique sequence and shape that are held together 
by chemical interactions. If the protein is subject to changes in temperature, 
pH, or exposure to chemicals, the protein structure may change, losing its 
shape without losing its primary sequence in what is known as denaturation. 
Denaturation is often reversible because the primary structure of the 
polypeptide is conserved in the process if the denaturing agent is removed, 
allowing the protein to resume its function. Sometimes denaturation is 
irreversible, leading to loss of function. One example of irreversible protein 
denaturation is when an egg is fried. The albumin protein in the liquid egg 
white is denatured when placed in a hot pan. Not all proteins are denatured 
at high temperatures; for instance, bacteria that survive in hot springs have 
proteins that function at temperatures close to boiling. The stomach is also 
very acidic, has a low pH, and denatures proteins as part of the digestion 
process; however, the digestive enzymes of the stomach retain their activity 
under these conditions. 


Protein folding is critical to its function. It was originally thought that the 
proteins themselves were responsible for the folding process. Only recently 
was it found that often they receive assistance in the folding process from 
protein helpers known as chaperones (or chaperonins) that associate with 
the target protein during the folding process. They act by preventing 
aggregation of polypeptides that make up the complete protein structure, 
and they disassociate from the protein once the target protein is folded. 


Note: 
Link to Learning 
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For an additional perspective on proteins, view this animation called 
“Biomolecules: The Proteins.” 


Section Summary 


Proteins are a class of macromolecules that perform a diverse range of 
functions for the cell. They help in metabolism by providing structural 
support and by acting as enzymes, carriers, or hormones. The building 
blocks of proteins (monomers) are amino acids. Each amino acid has a 
central carbon that is linked to an amino group, a carboxyl group, a 
hydrogen atom, and an R group or side chain. There are 20 commonly 
occurring amino acids, each of which differs in the R group. Each amino 
acid is linked to its neighbors by a peptide bond. A long chain of amino 
acids is known as a polypeptide. 


Proteins are organized at four levels: primary, secondary, tertiary, and 
(optional) quaternary. The primary structure is the unique sequence of 
amino acids. The local folding of the polypeptide to form structures such as 
the a helix and B-pleated sheet constitutes the secondary structure. The 
overall three-dimensional structure is the tertiary structure. When two or 
more polypeptides combine to form the complete protein structure, the 
configuration is known as the quaternary structure of a protein. Protein 
shape and function are intricately linked; any change in shape caused by 
changes in temperature or pH may lead to protein denaturation and a loss in 
function. 


Glossary 


alpha-helix structure (a-helix) 
type of secondary structure of proteins formed by folding of the 
polypeptide into a helix shape with hydrogen bonds stabilizing the 
structure 


amino acid 
monomer of a protein; has a central carbon or alpha carbon to which 
an amino group, a carboxyl group, a hydrogen, and an R group or side 
chain is attached; the R group is different for all 20 amino acids 


beta-pleated sheet (6-pleated) 


secondary structure found in proteins in which “pleats” are formed by 
hydrogen bonding between atoms on the backbone of the polypeptide 
chain 


chaperone 
(also, chaperonin) protein that helps nascent protein in the folding 
process 


denaturation 
loss of shape in a protein as a result of changes in temperature, pH, or 
exposure to chemicals 


enzyme 
catalyst in a biochemical reaction that is usually a complex or 
conjugated protein 


hormone 
chemical signaling molecule, usually protein or steroid, secreted by 
endocrine cells that act to control or regulate specific physiological 
processes 


peptide bond 
bond formed between two amino acids by a dehydration reaction 


polypeptide 
long chain of amino acids linked by peptide bonds 


primary structure 
linear sequence of amino acids in a protein 


protein 
biological macromolecule composed of one or more chains of amino 
acids 


quatermary structure 
association of discrete polypeptide subunits in a protein 


secondary structure 


regular structure formed by proteins by intramolecular hydrogen 
bonding between the oxygen atom of one amino acid residue and the 
hydrogen attached to the nitrogen atom of another amino acid residue 


tertiary structure 
three-dimensional conformation of a protein, including interactions 
between secondary structural elements; formed from interactions 
between amino acid side chains 


Enzymes 
By the end of this section, you will be able to: 


¢ Describe the role of enzymes in metabolic pathways 
e Explain how enzymes function as molecular catalysts 
e Discuss enzyme regulation by various factors 


A substance that helps a chemical reaction to occur is a catalyst, and the 
special molecules that catalyze biochemical reactions are called enzymes. 
Almost all enzymes are proteins, made up of chains of amino acids, and 
they perform the critical task of lowering the activation energies of 
chemical reactions inside the cell. Enzymes do this by binding to the 
reactant molecules, and holding them in such a way as to make the 
chemical bond-breaking and bond-forming processes take place more 
readily. It is important to remember that enzymes don’t change the AG of a 
reaction. In other words, they don’t change whether a reaction is exergonic 
(spontaneous) or endergonic. This is because they don’t change the free 
energy of the reactants or products. They only reduce the activation energy 
required to reach the transition state ({link]). 
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Enzymes lower the activation 

energy of the reaction but do 

not change the free energy of 
the reaction. 


Enzyme Active Site and Substrate Specificity 


The chemical reactants to which an enzyme binds are the enzyme’s 
substrates. There may be one or more substrates, depending on the 
particular chemical reaction. In some reactions, a single-reactant substrate is 
broken down into multiple products. In others, two substrates may come 
together to create one larger molecule. Two reactants might also enter a 
reaction, both become modified, and leave the reaction as two products. 
The location within the enzyme where the substrate binds is called the 
enzyme’s active site. The active site is where the “action” happens, so to 
speak. Since enzymes are proteins, there is a unique combination of amino 
acid residues (also called side chains, or R groups) within the active site. 
Each residue is characterized by different properties. Residues can be large 
or small, weakly acidic or basic, hydrophilic or hydrophobic, positively or 
negatively charged, or neutral. The unique combination of amino acid 
residues, their positions, sequences, structures, and properties, creates a 
very specific chemical environment within the active site. This specific 
environment is suited to bind, albeit briefly, to a specific chemical substrate 
(or substrates). Due to this jigsaw puzzle-like match between an enzyme 
and its substrates (which adapts to find the best fit between the transition 
State and the active site), enzymes are known for their specificity. The “best 
fit” results from the shape and the amino acid functional group’s attraction 
to the substrate. There is a specifically matched enzyme for each substrate 
and, thus, for each chemical reaction; however, there is flexibility as well. 


The fact that active sites are so perfectly suited to provide specific 
environmental conditions also means that they are subject to influences by 
the local environment. It is true that increasing the environmental 
temperature generally increases reaction rates, enzyme-catalyzed or 
otherwise. However, increasing or decreasing the temperature outside of an 
optimal range can affect chemical bonds within the active site in such a way 
that they are less well suited to bind substrates. High temperatures will 
eventually cause enzymes, like other biological molecules, to denature, a 
process that changes the natural properties of a substance. Likewise, the pH 
of the local environment can also affect enzyme function. Active site amino 
acid residues have their own acidic or basic properties that are optimal for 
catalysis. These residues are sensitive to changes in pH that can impair the 


way substrate molecules bind. Enzymes are suited to function best within a 
certain pH range, and, as with temperature, extreme pH values (acidic or 
basic) of the environment can cause enzymes to denature. 


Induced Fit and Enzyme Function 


For many years, scientists thought that enzyme-substrate binding took place 
in a simple “lock-and-key” fashion. This model asserted that the enzyme 
and substrate fit together perfectly in one instantaneous step. However, 
current research supports a more refined view called induced fit ((link]). 
The induced-fit model expands upon the lock-and-key model by describing 
a more dynamic interaction between enzyme and substrate. As the enzyme 
and substrate come together, their interaction causes a mild shift in the 
enzyme’s structure that confirms an ideal binding arrangement between the 
enzyme and the transition state of the substrate. This ideal binding 
maximizes the enzyme’s ability to catalyze its reaction. 


Note: 
Link to Learning 
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View an animation of induced fit at this website. 


When an enzyme binds its substrate, an enzyme-substrate complex is 
formed. This complex lowers the activation energy of the reaction and 
promotes its rapid progression in one of many ways. On a basic level, 
enzymes promote chemical reactions that involve more than one substrate 


by bringing the substrates together in an optimal orientation. The 
appropriate region (atoms and bonds) of one molecule is juxtaposed to the 
appropriate region of the other molecule with which it must react. Another 
way in which enzymes promote the reaction of their substrates is by 
creating an optimal environment within the active site for the reaction to 
occur. Certain chemical reactions might proceed best in a slightly acidic or 
non-polar environment. The chemical properties that emerge from the 
particular arrangement of amino acid residues within an active site create 
the perfect environment for an enzyme’s specific substrates to react. 


You’ve learned that the activation energy required for many reactions 
includes the energy involved in manipulating or slightly contorting 
chemical bonds so that they can easily break and allow others to reform. 
Enzymatic action can aid this process. The enzyme-substrate complex can 
lower the activation energy by contorting substrate molecules in such a way 
as to facilitate bond-breaking, helping to reach the transition state. Finally, 
enzymes can also lower activation energies by taking part in the chemical 
reaction itself. The amino acid residues can provide certain ions or chemical 
groups that actually form covalent bonds with substrate molecules as a 
necessary step of the reaction process. In these cases, it is important to 
remember that the enzyme will always return to its original state at the 
completion of the reaction. One of the hallmark properties of enzymes is 
that they remain ultimately unchanged by the reactions they catalyze. After 
an enzyme is done catalyzing a reaction, it releases its product(s). 


Enzyme changes shape 
Substrate slightly as substrate binds 
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Substrate entering Enzyme/substrate Enzyme/products Products leaving 
active site of enzyme complex complex active site of enzyme 


According to the induced-fit model, both enzyme and 


substrate undergo dynamic conformational changes upon 
binding. The enzyme contorts the substrate into its 
transition state, thereby increasing the rate of the 
reaction. 


Control of Metabolism Through Enzyme Regulation 


It would seem ideal to have a scenario in which all of the enzymes encoded 
in an organism’s genome existed in abundant supply and functioned 
optimally under all cellular conditions, in all cells, at all times. In reality, 
this is far from the case. A variety of mechanisms ensure that this does not 
happen. Cellular needs and conditions vary from cell to cell, and change 
within individual cells over time. The required enzymes and energetic 
demands of stomach cells are different from those of fat storage cells, skin 
cells, blood cells, and nerve cells. Furthermore, a digestive cell works much 
harder to process and break down nutrients during the time that closely 
follows a meal compared with many hours after a meal. As these cellular 
demands and conditions vary, so do the amounts and functionality of 
different enzymes. 


Since the rates of biochemical reactions are controlled by activation energy, 
and enzymes lower and determine activation energies for chemical 
reactions, the relative amounts and functioning of the variety of enzymes 
within a cell ultimately determine which reactions will proceed and at 
which rates. This determination is tightly controlled. In certain cellular 
environments, enzyme activity is partly controlled by environmental 
factors, like pH and temperature. There are other mechanisms through 
which cells control the activity of enzymes and determine the rates at which 
various biochemical reactions will occur. 


Regulation of Enzymes by Molecules 


Enzymes can be regulated in ways that either promote or reduce their 
activity. There are many different kinds of molecules that inhibit or promote 
enzyme function, and various mechanisms exist for doing so. In some cases 
of enzyme inhibition, for example, an inhibitor molecule is similar enough 
to a substrate that it can bind to the active site and simply block the 
substrate from binding. When this happens, the enzyme is inhibited through 
competitive inhibition, because an inhibitor molecule competes with the 
substrate for active site binding ({link]). On the other hand, in 
noncompetitive inhibition, an inhibitor molecule binds to the enzyme in a 
location other than an allosteric site and still manages to block substrate 
binding to the active site. 


Competitive inhibitor 


Noncompetitive inhibitor 
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Substrate concentration 


Competitive and 
noncompetitive inhibition affect 
the rate of reaction differently. 
Competitive inhibitors affect 
the initial rate but do not affect 
the maximal rate, whereas 
noncompetitive inhibitors affect 
the maximal rate. 


Some inhibitor molecules bind to enzymes in a location where their binding 
induces a conformational change that reduces the affinity of the enzyme for 


its substrate. This type of inhibition is called allosteric inhibition ((link]). 
Most allosterically regulated enzymes are made up of more than one 
polypeptide, meaning that they have more than one protein subunit. When 
an allosteric inhibitor binds to an enzyme, all active sites on the protein 
subunits are changed slightly such that they bind their substrates with less 
efficiency. There are allosteric activators as well as inhibitors. Allosteric 
activators bind to locations on an enzyme away from the active site, 
inducing a conformational change that increases the affinity of the enzyme’s 
active site(s) for its substrate(s). 
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Allosteric inhibitors modify the active site of 
the enzyme so that substrate binding is 
reduced or prevented. In contrast, allosteric 
activators modify the active site of the 
enzyme so that the affinity for the substrate 
increases. 


Note: 
Everyday Connection 


Have you ever wondered how 
pharmaceutical drugs are 
developed? (credit: Deborah 
Austin) 


Drug Discovery by Looking for Inhibitors of Key Enzymes in Specific 
Pathways 

Enzymes are key components of metabolic pathways. Understanding how 
enzymes work and how they can be regulated is a key principle behind the 
development of many of the pharmaceutical drugs ([link]) on the market 
today. Biologists working in this field collaborate with other scientists, 
usually chemists, to design drugs. 

Consider statins for example—which is the name given to the class of 
drugs that reduces cholesterol levels. These compounds are essentially 
inhibitors of the enzyme HMG-CoA reductase. HMG-CoA reductase is the 
enzyme that synthesizes cholesterol from lipids in the body. By inhibiting 
this enzyme, the levels of cholesterol synthesized in the body can be 
reduced. Similarly, acetaminophen, popularly marketed under the brand 
name Tylenol, is an inhibitor of the enzyme cyclooxygenase. While it is 
effective in providing relief from fever and inflammation (pain), its 
mechanism of action is still not completely understood. 

How are drugs developed? One of the first challenges in drug development 
is identifying the specific molecule that the drug is intended to target. In 
the case of statins, HMG-CoA reductase is the drug target. Drug targets are 
identified through painstaking research in the laboratory. Identifying the 


target alone is not sufficient; scientists also need to know how the target 
acts inside the cell and which reactions go awry in the case of disease. 
Once the target and the pathway are identified, then the actual process of 
drug design begins. During this stage, chemists and biologists work 
together to design and synthesize molecules that can either block or 
activate a particular reaction. However, this is only the beginning: both if 
and when a drug prototype is successful in performing its function, then it 
must undergo many tests from in vitro experiments to clinical trials before 
it can get FDA approval to be on the market. 


Many enzymes don’t work optimally, or even at all, unless bound to other 
specific non-protein helper molecules, either temporarily through ionic or 
hydrogen bonds or permanently through stronger covalent bonds. Two types 
of helper molecules are cofactors and coenzymes. Binding to these 
molecules promotes optimal conformation and function for their respective 
enzymes. Cofactors are inorganic ions such as iron (Fe++) and magnesium 
(Mg++). One example of an enzyme that requires a metal ion as a cofactor 
is the enzyme that builds DNA molecules, DNA polymerase, which 
requires bound zinc ion (Zn++) to function. Coenzymes are organic helper 
molecules, with a basic atomic structure made up of carbon and hydrogen, 
which are required for enzyme action. The most common sources of 
coenzymes are dietary vitamins ({link]). Some vitamins are precursors to 
coenzymes and others act directly as coenzymes. Vitamin C is a coenzyme 
for multiple enzymes that take part in building the important connective 
tissue component, collagen. An important step in the breakdown of glucose 
to yield energy is catalysis by a multi-enzyme complex called pyruvate 
dehydrogenase. Pyruvate dehydrogenase is a complex of several enzymes 
that actually requires one cofactor (a magnesium ion) and five different 
organic coenzymes to catalyze its specific chemical reaction. Therefore, 
enzyme function is, in part, regulated by an abundance of various cofactors 
and coenzymes, which are supplied primarily by the diets of most 
organisms. 
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Vitamins are important coenzymes or 
precursors of coenzymes, and are required 
for enzymes to function properly. 
Multivitamin capsules usually contain 
mixtures of all the vitamins at different 
percentages. 


Enzyme Compartmentalization 


In eukaryotic cells, molecules such as enzymes are usually 
compartmentalized into different organelles. This allows for yet another 
level of regulation of enzyme activity. Enzymes required only for certain 
cellular processes can be housed separately along with their substrates, 
allowing for more efficient chemical reactions. Examples of this sort of 


enzyme regulation based on location and proximity include the enzymes 
involved in the latter stages of cellular respiration, which take place 
exclusively in the mitochondria, and the enzymes involved in the digestion 
of cellular debris and foreign materials, located within lysosomes. 


Feedback Inhibition in Metabolic Pathways 


Molecules can regulate enzyme function in many ways. A major question 
remains, however: What are these molecules and where do they come 
from? Some are cofactors and coenzymes, ions, and organic molecules, as 
you’ve learned. What other molecules in the cell provide enzymatic 
regulation, such as allosteric modulation, and competitive and 
noncompetitive inhibition? The answer is that a wide variety of molecules 
can perform these roles. Some of these molecules include pharmaceutical 
and non-pharmaceutical drugs, toxins, and poisons from the environment. 
Perhaps the most relevant sources of enzyme regulatory molecules, with 
respect to cellular metabolism, are the products of the cellular metabolic 
reactions themselves. In a most efficient and elegant way, cells have 
evolved to use the products of their own reactions for feedback inhibition of 
enzyme activity. Feedback inhibition involves the use of a reaction 
product to regulate its own further production ({link]). The cell responds to 
the abundance of specific products by slowing down production during 
anabolic or catabolic reactions. Such reaction products may inhibit the 
enzymes that catalyzed their production through the mechanisms described 
above. 
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Metabolic pathways are a series of reactions catalyzed by 
multiple enzymes. Feedback inhibition, where the end 
product of the pathway inhibits an upstream step, is an 

important regulatory mechanism in cells. 


The production of both amino acids and nucleotides is controlled through 
feedback inhibition. Additionally, ATP is an allosteric regulator of some of 
the enzymes involved in the catabolic breakdown of sugar, the process that 
produces ATP. In this way, when ATP is abundant, the cell can prevent its 
further production. Remember that ATP is an unstable molecule that can 
spontaneously dissociate into ADP. If too much ATP were present in a cell, 
much of it would go to waste. On the other hand, ADP serves as a positive 
allosteric regulator (an allosteric activator) for some of the same enzymes 
that are inhibited by ATP. Thus, when relative levels of ADP are high 
compared to ATP, the cell is triggered to produce more ATP through the 
catabolism of sugar. 


Section Summary 


Enzymes are chemical catalysts that accelerate chemical reactions at 
physiological temperatures by lowering their activation energy. Enzymes 
are usually proteins consisting of one or more polypeptide chains. Enzymes 
have an active site that provides a unique chemical environment, made up 
of certain amino acid R groups (residues). This unique environment is 
perfectly suited to convert particular chemical reactants for that enzyme, 
called substrates, into unstable intermediates called transition states. 
Enzymes and substrates are thought to bind with an induced fit, which 
means that enzymes undergo slight conformational adjustments upon 
substrate contact, leading to full, optimal binding. Enzymes bind to 
substrates and catalyze reactions in four different ways: bringing substrates 
together in an optimal orientation, compromising the bond structures of 
substrates so that bonds can be more easily broken, providing optimal 
environmental conditions for a reaction to occur, or participating directly in 
their chemical reaction by forming transient covalent bonds with the 
substrates. 


Enzyme action must be regulated so that in a given cell at a given time, the 
desired reactions are being catalyzed and the undesired reactions are not. 
Enzymes are regulated by cellular conditions, such as temperature and pH. 
They are also regulated through their location within a cell, sometimes 
being compartmentalized so that they can only catalyze reactions under 
certain circumstances. Inhibition and activation of enzymes via other 
molecules are other important ways that enzymes are regulated. Inhibitors 
can act competitively, noncompetitively, or allosterically; noncompetitive 
inhibitors are usually allosteric. Activators can also enhance the function of 
enzymes allosterically. The most common method by which cells regulate 
the enzymes in metabolic pathways is through feedback inhibition. During 
feedback inhibition, the products of a metabolic pathway serve as inhibitors 
(usually allosteric) of one or more of the enzymes (usually the first 
committed enzyme of the pathway) involved in the pathway that produces 
them. 


Review Questions 


Exercise: 


Problem: Which of the following is not true about enzymes: 


a. They increase AG of reactions 

b. They are usually made of amino acids 

c. They lower the activation energy of chemical reactions 

d. Each one is specific to the particular substrate(s) to which it binds 


Solution: 


A 


Exercise: 


Problem: An allosteric inhibitor does which of the following? 


a. Binds to an enzyme away from the active site and changes the 
conformation of the active site, increasing its affinity for substrate 
binding 

b. Binds to the active site and blocks it from binding substrate 

c. Binds to an enzyme away from the active site and changes the 
conformation of the active site, decreasing its affinity for the 
substrate 

d. Binds directly to the active site and mimics the substrate 


Solution: 


C 
Exercise: 


Problem: 


Which of the following analogies best describe the induced-fit model 
of enzyme-substrate binding? 


a. A hug between two people 
b. A key fitting into a lock 
c. A square peg fitting through the square hole and a round peg 


fitting through the round hole of a children’s toy 
d. The fitting together of two jigsaw puzzle pieces. 


Solution: 


A 


Free Response 


Exercise: 


Problem: 


With regard to enzymes, why are vitamins necessary for good health? 
Give examples. 


Solution: 


Most vitamins and minerals act as coenzymes and cofactors for 
enzyme action. Many enzymes require the binding of certain cofactors 
or coenzymes to be able to catalyze their reactions. Since enzymes 
catalyze many important reactions, it is critical to obtain sufficient 
vitamins and minerals from the diet and from supplements. Vitamin C 
(ascorbic acid) is a coenzyme necessary for the action of enzymes that 
build collagen, an important protein component of connective tissue 
throughout the body. Magnesium ion (Mg++) is an important cofactor 
that is necessary for the enzyme pyruvate dehydrogenase to catalyze 
part of the pathway that breaks down sugar to produce energy. 
Vitamins cannot be produced in the human body and therefore must be 
obtained in the diet. 


Exercise: 
Problem: 


Explain in your own words how enzyme feedback inhibition benefits a 
cell. 


Solution: 


Feedback inhibition allows cells to control the amounts of metabolic 
products produced. If there is too much of a particular product relative 
to what the cell’s needs, feedback inhibition effectively causes the cell 
to decrease production of that particular product. In general, this 
reduces the production of superfluous products and conserves energy, 
maximizing energy efficiency. 


Glossary 


active site 
specific region of the enzyme to which the substrate binds 


allosteric inhibition 
inhibition by a binding event at a site different from the active site, 
which induces a conformational change and reduces the affinity of the 
enzyme for its substrate 


coenzyme 
small organic molecule, such as a vitamin or its derivative, which is 
required to enhance the activity of an enzyme 


cofactor 
inorganic ion, such as iron and magnesium ions, required for optimal 
regulation of enzyme activity 


competitive inhibition 
type of inhibition in which the inhibitor competes with the substrate 
molecule by binding to the active site of the enzyme 


denature 
process that changes the natural properties of a substance 


feedback inhibition 
effect of a product of a reaction sequence to decrease its further 
production by inhibiting the activity of the first enzyme in the pathway 
that produces it 


induced fit 
dynamic fit between the enzyme and its substrate, in which both 
components modify their structures to allow for ideal binding 


substrate 
molecule on which the enzyme acts 


DNA Structure 
By the end of this section, you will be able to: 


¢ Describe the structure of DNA 
e Describe how eukaryotic and prokaryotic DNA is arranged in the cell 


In the 1950s, Francis Crick and James Watson worked together at the 
University of Cambridge, England, to determine the structure of DNA. 
Other scientists, such as Linus Pauling and Maurice Wilkins, were also 
actively exploring this field. Pauling had discovered the secondary structure 
of proteins using X-ray crystallography. X-ray crystallography is a method 
for investigating molecular structure by observing the patterns formed by 
X-rays shot through a crystal of the substance. The patterns give important 
information about the structure of the molecule of interest. In Wilkins’ lab, 
researcher Rosalind Franklin was using X-ray crystallography to understand 
the structure of DNA. Watson and Crick were able to piece together the 
puzzle of the DNA molecule using Franklin's data ({link]). Watson and 
Crick also had key pieces of information available from other researchers 
such as Chargaff’s rules. Chargaff had shown that of the four kinds of 
monomers (nucleotides) present ina DNA molecule, two types were always 
present in equal amounts and the remaining two types were also always 
present in equal amounts. This meant they were always paired in some way. 
In 1962, James Watson, Francis Crick, and Maurice Wilkins were awarded 
the Nobel Prize in Medicine for their work in determining the structure of 
DNA. 


(b) 


Pioneering scientists (a) James Watson and Francis Crick 


are pictured here with American geneticist Maclyn 
McCarty. Scientist Rosalind Franklin discovered (b) the 
X-ray diffraction pattern of DNA, which helped to 
elucidate its double helix structure. (credit a: 
modification of work by Marjorie McCarty; b: 
modification of work by NIH) 


Now let’s consider the structure of the two types of nucleic acids, 
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The building 
blocks of DNA are nucleotides, which are made up of three parts: a 
deoxyribose (5-carbon sugar), a phosphate group, and a nitrogenous base 
({link]). There are four types of nitrogenous bases in DNA. Adenine (A) 
and guanine (G) are double-ringed purines, and cytosine (C) and thymine 
(T) are smaller, single-ringed pyrimidines. The nucleotide is named 
according to the nitrogenous base it contains. 
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(a) Each DNA nucleotide is made up of a sugar, a 
phosphate group, and a base. (b) Cytosine and thymine 
are pyrimidines. Guanine and adenine are purines. 


The phosphate group of one nucleotide bonds covalently with the sugar 
molecule of the next nucleotide, and so on, forming a long polymer of 
nucleotide monomers. The sugar—phosphate groups line up in a “backbone” 
for each single strand of DNA, and the nucleotide bases stick out from this 


backbone. The carbon atoms of the five-carbon sugar are numbered 
clockwise from the oxygen as 1’, 2', 3', 4', and 5' (1' is read as “one prime”). 
The phosphate group is attached to the 5' carbon of one nucleotide and the 
3' carbon of the next nucleotide. In its natural state, each DNA molecule is 
actually composed of two single strands held together along their length 
with hydrogen bonds between the bases. 


Watson and Crick proposed that the DNA is made up of two strands that are 
twisted around each other to form a right-handed helix, called a double 
helix. Base-pairing takes place between a purine and pyrimidine: namely, A 
pairs with T, and G pairs with C. In other words, adenine and thymine are 
complementary base pairs, and cytosine and guanine are also 
complementary base pairs. This is the basis for Chargaff’s rule; because of 
their complementarity, there is as much adenine as thymine ina DNA 
molecule and as much guanine as cytosine. Adenine and thymine are 
connected by two hydrogen bonds, and cytosine and guanine are connected 
by three hydrogen bonds. The two strands are anti-parallel in nature; that is, 
one strand will have the 3' carbon of the sugar in the “upward” position, 
whereas the other strand will have the 5' carbon in the upward position. The 
diameter of the DNA double helix is uniform throughout because a purine 
(two rings) always pairs with a pyrimidine (one ring) and their combined 
lengths are always equal. ([link]). 
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DNA (a) forms a double stranded helix, and (b) 
adenine pairs with thymine and cytosine pairs with 
guanine. (credit a: modification of work by Jerome 

Walker, Dennis Myts) 


The Structure of RNA 


There is a second nucleic acid in all cells called ribonucleic acid, or RNA. 
Like DNA, RNA is a polymer of nucleotides. Each of the nucleotides in 
RNA is made up of a nitrogenous base, a five-carbon sugar, and a 
phosphate group. In the case of RNA, the five-carbon sugar is ribose, not 
deoxyribose. Ribose has a hydroxyl group at the 2' carbon, unlike 
deoxyribose, which has only a hydrogen atom ([link]). 


OH H 
Ribose Deoxyribose 


The difference between the ribose 
found in RNA and the deoxyribose 
found in DNA is that ribose has a 
hydroxyl group at the 2' carbon. 


RNA nucleotides contain the nitrogenous bases adenine, cytosine, and 
guanine. However, they do not contain thymine, which is instead replaced 
by uracil, symbolized by a “U.” RNA exists as a single-stranded molecule 
rather than a double-stranded helix. Molecular biologists have named 
several kinds of RNA on the basis of their function. These include 
messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA 
(rRNA)—molecules that are involved in the production of proteins from the 
DNA code. 


How DNA Is Arranged in the Cell 


DNA is a working molecule; it must be replicated when a cell is ready to 
divide, and it must be “read” to produce the molecules, such as proteins, to 
carry out the functions of the cell. For this reason, the DNA is protected and 
packaged in very specific ways. In addition, DNA molecules can be very 
long. Stretched end-to-end, the DNA molecules in a single human cell 
would come to a length of about 2 meters. Thus, the DNA for a cell must be 
packaged in a very ordered way to fit and function within a structure (the 
cell) that is not visible to the naked eye. The chromosomes of prokaryotes 
are much simpler than those of eukaryotes in many of their features ((link]). 
Most prokaryotes contain a single, circular chromosome that is found in an 
area in the cytoplasm called the nucleoid. 


Nucleoid 
(folded 
chromosome) 


Eukaryote Prokaryote 


A eukaryote contains a well-defined nucleus, 
whereas in prokaryotes, the chromosome lies in the 
cytoplasm in an area called the nucleoid. 


The size of the genome in one of the most well-studied prokaryotes, 
Escherichia coli, is 4.6 million base pairs, which would extend a distance of 
about 1.6 mm if stretched out. So how does this fit inside a small bacterial 
cell? The DNA is twisted beyond the double helix in what is known as 


supercoiling. Some proteins are known to be involved in the supercoiling; 
other proteins and enzymes help in maintaining the supercoiled structure. 


Eukaryotes, whose chromosomes each consist of a linear DNA molecule, 
employ a different type of packing strategy to fit their DNA inside the 
nucleus ({link]). At the most basic level, DNA is wrapped around proteins 
known as histones to form structures called nucleosomes. The DNA is 
wrapped tightly around the histone core. This nucleosome is linked to the 
next one by a short strand of DNA that is free of histones. This is also 
known as the “beads on a string” structure; the nucleosomes are the “beads 
and the short lengths of DNA between them are the “string.” The 
nucleosomes, with their DNA coiled around them, stack compactly onto 
each other to form a 30-nm—wide fiber. This fiber is further coiled into a 
thicker and more compact structure. At the metaphase stage of mitosis, 
when the chromosomes are lined up in the center of the cell, the 
chromosomes are at their most compacted. They are approximately 700 nm 
in width, and are found in association with scaffold proteins. 


” 


In interphase, the phase of the cell cycle between mitoses at which the 
chromosomes are decondensed, eukaryotic chromosomes have two distinct 
regions that can be distinguished by staining. There is a tightly packaged 
region that stains darkly, and a less dense region. The darkly staining 
regions usually contain genes that are not active, and are found in the 
regions of the centromere and telomeres. The lightly staining regions 
usually contain genes that are active, with DNA packaged around 
nucleosomes but not further compacted. 


Organization of Eukaryotic Chromosomes 
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These figures illustrate the 
compaction of the eukaryotic 
chromosome. 


Note: 
Concept in Action 
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Watch this animation of DNA packaging. 


Section Summary 


The model of the double-helix structure of DNA was proposed by Watson 
and Crick. The DNA molecule is a polymer of nucleotides. Each nucleotide 
is composed of a nitrogenous base, a five-carbon sugar (deoxyribose), and a 
phosphate group. There are four nitrogenous bases in DNA, two purines 
(adenine and guanine) and two pyrimidines (cytosine and thymine). A DNA 
molecule is composed of two strands. Each strand is composed of 
nucleotides bonded together covalently between the phosphate group of one 
and the deoxyribose sugar of the next. From this backbone extend the bases. 
The bases of one strand bond to the bases of the second strand with 
hydrogen bonds. Adenine always bonds with thymine, and cytosine always 
bonds with guanine. The bonding causes the two strands to spiral around 
each other in a shape called a double helix. Ribonucleic acid (RNA) is a 
second nucleic acid found in cells. RNA is a single-stranded polymer of 
nucleotides. It also differs from DNA in that it contains the sugar ribose, 
rather than deoxyribose, and the nucleotide uracil rather than thymine. 
Various RNA molecules function in the process of forming proteins from 
the genetic code in DNA. 


Prokaryotes contain a single, double-stranded circular chromosome. 
Eukaryotes contain double-stranded linear DNA molecules packaged into 
chromosomes. The DNA helix is wrapped around proteins to form 
nucleosomes. The protein coils are further coiled, and during mitosis and 
meiosis, the chromosomes become even more greatly coiled to facilitate 
their movement. Chromosomes have two distinct regions which can be 
distinguished by staining, reflecting different degrees of packaging and 


determined by whether the DNA in a region is being expressed 
(euchromatin) or not (heterochromatin). 


Multiple Choice 


Exercise: 


Problem: Which of the following does cytosine pair with? 


a. guanine 
b. thymine 
c. adenine 
d. a pyrimidine 


Solution: 


A 
Exercise: 


Problem: 


Prokaryotes contain a chromosome, and eukaryotes contain 
chromosomes. 


a. single-stranded circular; single-stranded linear 
b. single-stranded linear; single-stranded circular 
c. double-stranded circular; double-stranded linear 
d. double-stranded linear; double-stranded circular 


Solution: 


C 


Free Response 


Exercise: 


Problem: Describe the organization of the eukaryotic chromosome. 
Solution: 


The DNA is wound around proteins called histones. The histones then 
stack together in a compact form that creates a fiber that is 30-nm 
thick. The fiber is further coiled for greater compactness. During 
metaphase of mitosis, the chromosome is at its most compact to 
facilitate chromosome movement. During interphase, there are denser 
areas of chromatin, called heterochromatin, that contain DNA that is 
not expressed, and less dense euchromatin that contains DNA that is 
expressed. 


Exercise: 


Problem: 


Describe the structure and complementary base pairing of DNA. 
Solution: 


A single strand of DNA is a polymer of nucleic acids joined covalently 
between the phosphate group of one and the deoxyribose sugar of the 
next to for a “backbone” from which the nitrogenous bases stick out. 
In its natural state, DNA has two strands wound around each other in a 
double helix. The bases on each strand are bonded to each other with 
hydrogen bonds. Only specific bases bond with each other; adenine 
bonds with thymine, and cytosine bonds with guanine. 


Glossary 


deoxyribose 
a five-carbon sugar molecule with a hydrogen atom rather than a 
hydroxyl] group in the 2' position; the sugar component of DNA 
nucleotides 


double helix 
the molecular shape of DNA in which two strands of nucleotides wind 
around each other in a spiral shape 


nitrogenous base 
a nitrogen-containing molecule that acts as a base; often referring to 
one of the purine or pyrimidine components of nucleic acids 


phosphate group 
a molecular group consisting of a central phosphorus atom bound to 
four oxygen atoms 


DNA Replication 
By the end of this section, you will be able to: 


e Explain the process of DNA replication 
e Explain the importance of telomerase to DNA replication 
e Describe mechanisms of DNA repair 


When a cell divides, it is important that each daughter cell receives an 
identical copy of the DNA. This is accomplished by the process of DNA 
replication. The replication of DNA occurs during the synthesis phase, or S 
phase, of the cell cycle, before the cell enters mitosis or meiosis. 


The elucidation of the structure of the double helix provided a hint as to 
how DNA is copied. Recall that adenine nucleotides pair with thymine 
nucleotides, and cytosine with guanine. This means that the two strands are 
complementary to each other. For example, a strand of DNA witha 
nucleotide sequence of AGTCATGA will have a complementary strand 
with the sequence TCAGTACT ((link]). 
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The two strands of DNA are 
complementary, meaning the sequence of 
bases in one strand can be used to create the 
correct sequence of bases in the other strand. 


Because of the complementarity of the two strands, having one strand 
means that it is possible to recreate the other strand. This model for 
replication suggests that the two strands of the double helix separate during 
replication, and each strand serves as a template from which the new 
complementary strand is copied ((Link]). 


Semi-conservative model of DNA Replication 


The semiconservative model of 
DNA replication is shown. Gray 
indicates the original DNA 
strands, and blue indicates newly 
synthesized DNA. 


During DNA replication, each of the two strands that make up the double 
helix serves as a template from which new strands are copied. The new 
strand will be complementary to the parental or “old” strand. Each new 
double strand consists of one parental strand and one new daughter strand. 
This is known as semiconservative replication. When two DNA copies are 
formed, they have an identical sequence of nucleotide bases and are divided 
equally into two daughter cells. 


DNA Replication in Eukaryotes 


Because eukaryotic genomes are very complex, DNA replication is a very 
complicated process that involves several enzymes and other proteins. It 
occurs in three main stages: initiation, elongation, and termination. 


Recall that eukaryotic DNA is bound to proteins known as histones to form 
structures called nucleosomes. During initiation, the DNA is made 
accessible to the proteins and enzymes involved in the replication process. 
How does the replication machinery know where on the DNA double helix 
to begin? It turns out that there are specific nucleotide sequences called 
origins of replication at which replication begins. Certain proteins bind to 
the origin of replication while an enzyme called helicase unwinds and 
opens up the DNA helix. As the DNA opens up, Y-shaped structures called 
replication forks are formed ((link]). Two replication forks are formed at 
the origin of replication, and these get extended in both directions as 
replication proceeds. There are multiple origins of replication on the 
eukaryotic chromosome, such that replication can occur simultaneously 
from several places in the genome. 


During elongation, an enzyme called DNA polymerase adds DNA 
nucleotides to the 3' end of the template. Because DNA polymerase can 
only add new nucleotides at the end of a backbone, a primer sequence, 
which provides this starting point, is added with complementary RNA 
nucleotides. This primer is removed later, and the nucleotides are replaced 
with DNA nucleotides. One strand, which is complementary to the parental 
DNA strand, is synthesized continuously toward the replication fork so the 
polymerase can add nucleotides in this direction. This continuously 
synthesized strand is known as the leading strand. Because DNA 


polymerase can only synthesize DNA ina 5' to 3' direction, the other new 
strand is put together in short pieces called Okazaki fragments. The 
Okazaki fragments each require a primer made of RNA to start the 
synthesis. The strand with the Okazaki fragments is known as the lagging 
strand. As synthesis proceeds, an enzyme removes the RNA primer, which 
is then replaced with DNA nucleotides, and the gaps between fragments are 
sealed by an enzyme called DNA ligase. 


The process of DNA replication can be summarized as follows: 


1. DNA unwinds at the origin of replication. 

2. New bases are added to the complementary parental strands. One new 
strand is made continuously, while the other strand is made in pieces. 

3. Primers are removed, new DNA nucleotides are put in place of the 
primers and the backbone is sealed by DNA ligase. 


Note: 
Art Connection 
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A replication fork is formed by the opening of the 
origin of replication, and helicase separates the 
DNA strands. An RNA primer is synthesized, and 
is elongated by the DNA polymerase. On the 
leading strand, DNA is synthesized continuously, 
whereas on the lagging strand, DNA is synthesized 
in short stretches. The DNA fragments are joined 
by DNA ligase (not shown). 


You isolate a cell strain in which the joining together of Okazaki fragments 
is impaired and suspect that a mutation has occurred in an enzyme found at 
the replication fork. Which enzyme is most likely to be mutated? 


Telomere Replication 


Because eukaryotic chromosomes are linear, DNA replication comes to the 
end of a line in eukaryotic chromosomes. As you have learned, the DNA 
polymerase enzyme can add nucleotides in only one direction. In the 
leading strand, synthesis continues until the end of the chromosome is 
reached; however, on the lagging strand there is no place for a primer to be 
made for the DNA fragment to be copied at the end of the chromosome. 
This presents a problem for the cell because the ends remain unpaired, and 
over time these ends get progressively shorter as cells continue to divide. 
The ends of the linear chromosomes are known as telomeres, which have 
repetitive sequences that do not code for a particular gene. As a 
consequence, it is telomeres that are shortened with each round of DNA 
replication instead of genes. For example, in humans, a six base-pair 
sequence, TTAGGG, is repeated 100 to 1000 times. The discovery of the 
enzyme telomerase ((link]) helped in the understanding of how 
chromosome ends are maintained. The telomerase attaches to the end of the 
chromosome, and complementary bases to the RNA template are added on 
the end of the DNA strand. Once the lagging strand template is sufficiently 
elongated, DNA polymerase can now add nucleotides that are 
complementary to the ends of the chromosomes. Thus, the ends of the 
chromosomes are replicated. 
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Telomerase has an associated RNA that complements 
the 3’ overhang at the end of the chromosome. 
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The RNA template is used to synthesize the complementary 
strand. J 
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Telomerase shifts, and the process is repeated. 
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Primase and DNA polymerase synthesize the complementary 
strand. 


The ends of linear chromosomes are 
maintained by the action of the 
telomerase enzyme. 


Telomerase is typically found to be active in germ cells, adult stem cells, 
and some cancer cells. For her discovery of telomerase and its action, 
Elizabeth Blackburn ([link]) received the Nobel Prize for Medicine and 
Physiology in 2009. 


Elizabeth Blackburn, 2009 Nobel 
Laureate, was the scientist who 
discovered how telomerase works. 
(credit: U.S. Embassy, Stockholm, 
Sweden) 


Telomerase is not active in adult somatic cells. Adult somatic cells that 
undergo cell division continue to have their telomeres shortened. This 
essentially means that telomere shortening is associated with aging. In 
2010, scientists found that telomerase can reverse some age-related 
conditions in mice, and this may have potential in regenerative medicine. 
[footnote] Te]gmerase-deficient mice were used in these studies; these mice 
have tissue atrophy, stem-cell depletion, organ system failure, and impaired 
tissue injury responses. Telomerase reactivation in these mice caused 
extension of telomeres, reduced DNA damage, reversed neurodegeneration, 
and improved functioning of the testes, spleen, and intestines. Thus, 
telomere reactivation may have potential for treating age-related diseases in 
humans. 

Mariella Jaskelioff, et al., “Telomerase reactivation reverses tissue 
degeneration in aged telomerase-deficient mice,” Nature, 469 (2011):102—7. 


DNA Replication in Prokaryotes 


Recall that the prokaryotic chromosome is a circular molecule with a less 
extensive coiling structure than eukaryotic chromosomes. The eukaryotic 
chromosome is linear and highly coiled around proteins. While there are 
many similarities in the DNA replication process, these structural 
differences necessitate some differences in the DNA replication process in 
these two life forms. 


DNA replication has been extremely well-studied in prokaryotes, primarily 
because of the small size of the genome and large number of variants 
available. Escherichia coli has 4.6 million base pairs in a single circular 
chromosome, and all of it gets replicated in approximately 42 minutes, 
starting from a single origin of replication and proceeding around the 
chromosome in both directions. This means that approximately 1000 
nucleotides are added per second. The process is much more rapid than in 
eukaryotes. [link] summarizes the differences between prokaryotic and 
eukaryotic replications. 


Differences between Prokaryotic and Eukaryotic Replications 


Property Prokaryotes Eukaryotes 
Origin of replication Single Multiple 
es 1000 50 to 100 
Rate of replication nucleotides/s nucleotides/s 
Chromosome ; . 
circular linear 
structure 


Telomerase Not present Present 


Note: 
Concept in Action 


ORS eo 


1 


Click through a tutorial on DNA replication. 


DNA Repair 


DNA polymerase can make mistakes while adding nucleotides. It edits the 
DNA by proofreading every newly added base. Incorrect bases are removed 
and replaced by the correct base, and then polymerization continues 
({link]a). Most mistakes are corrected during replication, although when 
this does not happen, the mismatch repair mechanism is employed. 
Mismatch repair enzymes recognize the wrongly incorporated base and 
excise it from the DNA, replacing it with the correct base ({link]|b). In yet 
another type of repair, nucleotide excision repair, the DNA double strand 
is unwound and separated, the incorrect bases are removed along with a few 
bases on the 5' and 3' end, and these are replaced by copying the template 
with the help of DNA polymerase ((link]c). Nucleotide excision repair is 
particularly important in correcting thymine dimers, which are primarily 
caused by ultraviolet light. In a thymine dimer, two thymine nucleotides 
adjacent to each other on one strand are covalently bonded to each other 
rather than their complementary bases. If the dimer is not removed and 
repaired it will lead to a mutation. Individuals with flaws in their nucleotide 
excision repair genes show extreme sensitivity to sunlight and develop skin 
cancers early in life. 
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DNA polymerase 


(a) Proofreading 


(c) Nucleotide Excision 


Proofreading by DNA polymerase 
(a) corrects errors during 
replication. In mismatch repair (b), 


the incorrectly added base is 
detected after replication. The 
mismatch repair proteins detect 
this base and remove it from the 
newly synthesized strand by 
nuclease action. The gap is now 
filled with the correctly paired 
base. Nucleotide excision (c) 
repairs thymine dimers. When 
exposed to UV, thymines lying 
adjacent to each other can form 
thymine dimers. In normal cells, 
they are excised and replaced. 


Most mistakes are corrected; if they are not, they may result in a mutation 
—defined as a permanent change in the DNA sequence. Mutations in repair 
genes may lead to serious consequences like cancer. 


Section Summary 


DNA replicates by a semi-conservative method in which each of the two 
parental DNA strands act as a template for new DNA to be synthesized. 
After replication, each DNA has one parental or “old” strand, and one 
daughter or “new” strand. 


Replication in eukaryotes starts at multiple origins of replication, while 
replication in prokaryotes starts from a single origin of replication. The 
DNA is opened with enzymes, resulting in the formation of the replication 
fork. Primase synthesizes an RNA primer to initiate synthesis by DNA 
polymerase, which can add nucleotides in only one direction. One strand is 
synthesized continuously in the direction of the replication fork; this is 
called the leading strand. The other strand is synthesized in a direction away 
from the replication fork, in short stretches of DNA known as Okazaki 
fragments. This strand is known as the lagging strand. Once replication is 


completed, the RNA primers are replaced by DNA nucleotides and the 
DNA is sealed with DNA ligase. 


The ends of eukaryotic chromosomes pose a problem, as polymerase is 
unable to extend them without a primer. Telomerase, an enzyme with an 
inbuilt RNA template, extends the ends by copying the RNA template and 
extending one end of the chromosome. DNA polymerase can then extend 
the DNA using the primer. In this way, the ends of the chromosomes are 
protected. Cells have mechanisms for repairing DNA when it becomes 
damaged or errors are made in replication. These mechanisms include 
mismatch repair to replace nucleotides that are paired with a non- 
complementary base and nucleotide excision repair, which removes bases 
that are damaged such as thymine dimers. 


Art Connections 


Exercise: 
Problem: 
[link] You isolate a cell strain in which the joining together of Okazaki 
fragments is impaired and suspect that a mutation has occurred in an 
enzyme found at the replication fork. Which enzyme is most likely to 
be mutated? 


Solution: 


[link] Ligase, as this enzyme joins together Okazaki fragments. 


Multiple Choice 


Exercise: 


Problem: DNA replicates by which of the following models? 


a. conservative 
b. semiconservative 


c. dispersive 
d. none of the above 


Solution: 


B 
Exercise: 


Problem: 


The initial mechanism for repairing nucleotide errors in DNA is 


a. mismatch repair 

b. DNA polymerase proofreading 
c. nucleotide excision repair 

d. thymine dimers 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


How do the linear chromosomes in eukaryotes ensure that its ends are 
replicated completely? 


Solution: 


Telomerase has an inbuilt RNA template that extends the 3' end, so a 
primer is synthesized and extended. Thus, the ends are protected. 


Glossary 


DNA ligase 
the enzyme that catalyzes the joining of DNA fragments together 


DNA polymerase 
an enzyme that synthesizes a new strand of DNA complementary to a 
template strand 


helicase 
an enzyme that helps to open up the DNA helix during DNA 
replication by breaking the hydrogen bonds 


lagging strand 
during replication of the 3' to 5' strand, the strand that is replicated in 
short fragments and away from the replication fork 


leading strand 
the strand that is synthesized continuously in the 5' to 3' direction that 
is synthesized in the direction of the replication fork 


mismatch repair 
a form of DNA repair in which non-complementary nucleotides are 
recognized, excised, and replaced with correct nucleotides 


mutation 
a permanent variation in the nucleotide sequence of a genome 


nucleotide excision repair 
a form of DNA repair in which the DNA molecule is unwound and 
separated in the region of the nucleotide damage, the damaged 
nucleotides are removed and replaced with new nucleotides using the 
complementary strand, and the DNA strand is resealed and allowed to 
rejoin its complement 


Okazaki fragments 
the DNA fragments that are synthesized in short stretches on the 
lagging strand 


primer 
a short stretch of RNA nucleotides that is required to initiate 
replication and allow DNA polymerase to bind and begin replication 


replication fork 
the Y-shaped structure formed during the initiation of replication 


semiconservative replication 
the method used to replicate DNA in which the double-stranded 
molecule is separated and each strand acts as a template for a new 
strand to be synthesized, so the resulting DNA molecules are 
composed of one new strand of nucleotides and one old strand of 
nucleotides 


telomerase 
an enzyme that contains a catalytic part and an inbuilt RNA template; 
it functions to maintain telomeres at chromosome ends 


telomere 
the DNA at the end of linear chromosomes 


Cell Cycle and Mitosis 
By the end of this section, you will be able to: 


e Describe the three stages of interphase 

e Discuss the behavior of chromosomes during mitosis and how the 
cytoplasmic content divides during cytokinesis 

e Define the quiescent Gp phase 

e Explain how the three internal control checkpoints occur at the end of 
Gj, at the G)—M transition, and during metaphase 


The cell cycle is an ordered series of events involving cell growth and cell 
division that produces two new daughter cells. Cells on the path to cell 
division proceed through a series of precisely timed and carefully regulated 
stages of growth, DNA replication, and division that produce two 
genetically identical cells. The cell cycle has two major phases: interphase 
and the mitotic phase ([link]). During interphase, the cell grows and DNA 
is replicated. During the mitotic phase, the replicated DNA and 
cytoplasmic contents are separated and the cell divides. Watch this video 
about the cell cycle: https://www. youtube.com/watch?v=Wy3N5NCZBHQ 
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Interphase Interphase 


A cell moves through a series of phases in an orderly 
manner. During interphase, G, involves cell growth and 


protein synthesis, the S phase involves DNA replication 
and the replication of the centrosome, and G> involves 

further growth and protein synthesis. The mitotic phase 
follows interphase. Mitosis is nuclear division during 

which duplicated chromosomes are segregated and 
distributed into daughter nuclei. Usually the cell will 
divide after mitosis in a process called cytokinesis in 
which the cytoplasm is divided and two daughter cells 
are formed. 


Interphase 


During interphase, the cell undergoes normal processes while also preparing 
for cell division. For a cell to move from interphase to the mitotic phase, 
many internal and external conditions must be met. The three stages of 
interphase are called G,, S, and Gp. 


G, Phase 


The first stage of interphase is called the G, phase, or first gap, because 
little change is visible. However, during the G, stage, the cell is quite active 
at the biochemical level. The cell is accumulating the building blocks of 
chromosomal DNA and the associated proteins, as well as accumulating 
enough energy reserves to complete the task of replicating each 
chromosome in the nucleus. 


S Phase 


Throughout interphase, nuclear DNA remains in a semi-condensed 

chromatin configuration. In the S phase (synthesis phase), DNA replication 
results in the formation of two identical copies of each chromosome—sister 
chromatids—that are firmly attached at the centromere region. At this stage, 


each chromosome is made of two sister chromatids and is a duplicated 
chromosome. The centrosome is duplicated during the S phase. The two 
centrosomes will give rise to the mitotic spindle, the apparatus that 
orchestrates the movement of chromosomes during mitosis. The centrosome 
consists of a pair of rod-like centrioles at right angles to each other. 
Centrioles help organize cell division. Centrioles are not present in the 
centrosomes of many eukaryotic species, such as plants and most fungi. 


G> Phase 


In the Gp phase, or second gap, the cell replenishes its energy stores and 
synthesizes the proteins necessary for chromosome manipulation. Some cell 
organelles are duplicated, and the cytoskeleton is dismantled to provide 
resources for the mitotic spindle. There may be additional cell growth 
during G>. The final preparations for the mitotic phase must be completed 
before the cell is able to enter the first stage of mitosis. 


The Mitotic Phase 


To make two daughter cells, the contents of the nucleus and the cytoplasm 
must be divided. The mitotic phase is a multistep process during which the 
duplicated chromosomes are aligned, separated, and moved to opposite 
poles of the cell, and then the cell is divided into two new identical daughter 
cells. The first portion of the mitotic phase, mitosis, is composed of five 
stages, which accomplish nuclear division. The second portion of the 
mitotic phase, called cytokinesis, is the physical separation of the 
cytoplasmic components into two daughter cells. 


Mitosis 


Mitosis is divided into a series of phases—prophase, prometaphase, 
metaphase, anaphase, and telophase—that result in the division of the cell 
nucleus ([link]). 


Note: 
Art Connection 
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MITOSIS 


* Centromeres 


split in two 


* Sister 


chromatids 

(now called 
chromosomes) 
are pulled toward 
opposite poles 


* Certain spindle 


fibers begin to 
elongate the cell 


* Chromosomes 


arrive at opposite 
poles and begin 
to decondense 


* Nuclear envelope 


material 
surrounds 
each set of 
chromosomes 


* The mitotic 


spindle breaks 
down 


* Spindle fibers 


continue to push 
poles apart 


+ Animal cells: a 


cleavage furrow 
separates the 
daughter cells 


¢ Plant cells: a cell 


plate, the 
precursor to a 
new cell wall, 
separates the 
daughter cells 


Animal cell mitosis is divided into five stages—prophase, 
prometaphase, metaphase, anaphase, and telophase—visualized 
here by light microscopy with fluorescence. Mitosis is usually 
accompanied by cytokinesis, shown here by a transmission 
electron microscope. (credit "diagrams": modification of work 
by Mariana Ruiz Villareal; credit "mitosis micrographs": 
modification of work by Roy van Heesbeen; credit "cytokinesis 
micrograph": modification of work by the Wadsworth Center, 
NY State Department of Health; donated to the Wikimedia 


foundation; scale-bar data from Matt Russell) 


Which of the following is the correct order of events in mitosis? 


a. Sister chromatids line up at the metaphase plate. The kinetochore 
becomes attached to the mitotic spindle. The nucleus re-forms and the 
cell divides. The sister chromatids separate. 

b. The kinetochore becomes attached to the mitotic spindle. The sister 
chromatids separate. Sister chromatids line up at the metaphase plate. 
The nucleus re-forms and the cell divides. 

c. The kinetochore becomes attached to metaphase plate. Sister 
chromatids line up at the metaphase plate. The kinetochore breaks 
down and the sister chromatids separate. The nucleus re-forms and the 
cell divides. 

d. The kinetochore becomes attached to the mitotic spindle. Sister 
chromatids line up at the metaphase plate. The kinetochore breaks 
apart and the sister chromatids separate. The nucleus re-forms and the 
cell divides. 


During prophase, the “first phase,” several events must occur to provide 
access to the chromosomes in the nucleus. The nuclear envelope starts to 
break into small vesicles, and the Golgi apparatus and endoplasmic 
reticulum fragment and disperse to the periphery of the cell. The nucleolus 
disappears. The centrosomes begin to move to opposite poles of the cell. 
The microtubules that form the basis of the mitotic spindle extend between 
the centrosomes, pushing them farther apart as the microtubule fibers 
lengthen. The sister chromatids begin to coil more tightly and become 
visible under a light microscope. 


During prometaphase, many processes that were begun in prophase 
continue to advance and culminate in the formation of a connection 
between the chromosomes and cytoskeleton. The remnants of the nuclear 
envelope disappear. The mitotic spindle continues to develop as more 
microtubules assemble and stretch across the length of the former nuclear 
area. Chromosomes become more condensed and visually discrete. Each 
sister chromatid attaches to spindle microtubules at the centromere via a 
protein complex called the kinetochore. 


During metaphase, all of the chromosomes are aligned in a plane called the 
metaphase plate, or the equatorial plane, midway between the two poles of 
the cell. The sister chromatids are still tightly attached to each other. At this 
time, the chromosomes are maximally condensed. 


During anaphase, the sister chromatids at the equatorial plane are split 
apart at the centromere. Each chromatid, now called a chromosome, is 
pulled rapidly toward the centrosome to which its microtubule was 
attached. The cell becomes visibly elongated as the non-kinetochore 
microtubules slide against each other at the metaphase plate where they 
overlap. 


During telophase, all of the events that set up the duplicated chromosomes 
for mitosis during the first three phases are reversed. The chromosomes 
reach the opposite poles and begin to decondense (unravel). The mitotic 
spindles are broken down into monomers that will be used to assemble 
cytoskeleton components for each daughter cell. Nuclear envelopes form 
around chromosomes. 


Note: 
Concept in Action 


This page of movies illustrates different aspects of mitosis. Watch the 
movie entitled “DIC microscopy of cell division in a newt lung cell” and 
identify the phases of mitosis. 


Cytokinesis 


Cytokinesis is the second part of the mitotic phase during which cell 
division is completed by the physical separation of the cytoplasmic 
components into two daughter cells. Although the stages of mitosis are 
similar for most eukaryotes, the process of cytokinesis is quite different for 
eukaryotes that have cell walls, such as plant cells. 


In cells such as animal cells that lack cell walls, cytokinesis begins 
following the onset of anaphase. A contractile ring composed of actin 
filaments forms just inside the plasma membrane at the former metaphase 
plate. The actin filaments pull the equator of the cell inward, forming a 
fissure. This fissure, or “crack,” is called the cleavage furrow. The furrow 
deepens as the actin ring contracts, and eventually the membrane and cell 
are cleaved in two ([link]). 


In plant cells, a cleavage furrow is not possible because of the rigid cell 
walls surrounding the plasma membrane. A new cell wall must form 
between the daughter cells. During interphase, the Golgi apparatus 
accumulates enzymes, structural proteins, and glucose molecules prior to 
breaking up into vesicles and dispersing throughout the dividing cell. 
During telophase, these Golgi vesicles move on microtubules to collect at 
the metaphase plate. There, the vesicles fuse from the center toward the cell 
walls; this structure is called a cell plate. As more vesicles fuse, the cell 
plate enlarges until it merges with the cell wall at the periphery of the cell. 
Enzymes use the glucose that has accumulated between the membrane 
layers to build a new cell wall of cellulose. The Golgi membranes become 
the plasma membrane on either side of the new cell wall ([link]). 


(a) Animal cell 


Cleavage 
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(b) Plant cell 


In part (a), a cleavage furrow forms at 
the former metaphase plate in the 
animal cell. The plasma membrane is 
drawn in by a ring of actin fibers 
contracting just inside the membrane. 
The cleavage furrow deepens until the 
cells are pinched in two. In part (b), 
Golgi vesicles coalesce at the former 
metaphase plate in a plant cell. The 
vesicles fuse and form the cell plate. 
The cell plate grows from the center 
toward the cell walls. New cell walls 
are made from the vesicle contents. 


G, Phase 


Not all cells adhere to the classic cell-cycle pattern in which a newly 
formed daughter cell immediately enters interphase, closely followed by the 


mitotic phase. Cells in the Gp phase are not actively preparing to divide. 
The cell is in a quiescent (inactive) stage, having exited the cell cycle. Some 
cells enter Gg temporarily until an external signal triggers the onset of G,. 
Other cells that never or rarely divide, such as mature cardiac muscle and 
nerve cells, remain in Gp permanently ((link]). 
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Cell Cycle 


Cells that are not actively 
preparing to divide enter an 
alternate phase called Go. In some 
cases, this is a temporary 
condition until triggered to enter 
G,. In other cases, the cell will 
remain in Gp permanently. 


Control of the Cell Cycle 


The length of the cell cycle is highly variable even within the cells of an 
individual organism. In humans, the frequency of cell turnover ranges from 
a few hours in early embryonic development to an average of two to five 


days for epithelial cells, or to an entire human lifetime spent in Gp by 
specialized cells such as cortical neurons or cardiac muscle cells. There is 
also variation in the time that a cell spends in each phase of the cell cycle. 
When fast-dividing mammalian cells are grown in culture (outside the body 
under optimal growing conditions), the length of the cycle is approximately 
24 hours. In rapidly dividing human cells with a 24-hour cell cycle, the G; 
phase lasts approximately 11 hours. The timing of events in the cell cycle is 
controlled by mechanisms that are both internal and external to the cell. 


Regulation at Internal Checkpoints 


It is essential that daughter cells be exact duplicates of the parent cell. 
Mistakes in the duplication or distribution of the chromosomes lead to 
mutations that may be passed forward to every new cell produced from the 
abnormal cell. To prevent a compromised cell from continuing to divide, 
there are internal control mechanisms that operate at three main cell cycle 
checkpoints at which the cell cycle can be stopped until conditions are 
favorable. These checkpoints occur near the end of Gj, at the G>-M 
transition, and during metaphase ((link]). 


Mitotic Phase 


G, Checkpoint 
M Checkpoint Formation 
of 2 daughter 


cells 


G, Checkpoint 
(restriction) 


The cell cycle is controlled at three checkpoints. 
Integrity of the DNA is assessed at the G; 
checkpoint. Proper chromosome duplication is 
assessed at the G» checkpoint. Attachment of each 
kinetochore to a spindle fiber is assessed at the M 
checkpoint. 


The G, Checkpoint 


The G, checkpoint determines whether all conditions are favorable for cell 
division to proceed. The G, checkpoint, also called the restriction point, is 
the point at which the cell irreversibly commits to the cell-division process. 
In addition to adequate reserves and cell size, there is a check for damage to 
the genomic DNA at the G, checkpoint. A cell that does not meet all the 
requirements will not be released into the S phase. 


The Gy Checkpoint 


The G> checkpoint bars the entry to the mitotic phase if certain conditions 
are not met. As in the G, checkpoint, cell size and protein reserves are 
assessed. However, the most important role of the G» checkpoint is to 
ensure that all of the chromosomes have been replicated and that the 
replicated DNA is not damaged. 


The M Checkpoint 


The M checkpoint occurs near the end of the metaphase stage of mitosis. 
The M checkpoint is also known as the spindle checkpoint because it 
determines if all the sister chromatids are correctly attached to the spindle 
microtubules. Because the separation of the sister chromatids during 


anaphase is an irreversible step, the cycle will not proceed until the 
kinetochores of each pair of sister chromatids are firmly anchored to spindle 
fibers arising from opposite poles of the cell. 


Note: 
Concept in Action 
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Watch what occurs at the G;, Go, and M checkpoints by visiting this 
animation of the cell cycle. 


Section Summary 


The cell cycle is an orderly sequence of events. Cells on the path to cell 
division proceed through a series of precisely timed and carefully regulated 
stages. In eukaryotes, the cell cycle consists of a long preparatory period, 
called interphase. Interphase is divided into G,, S, and G> phases. Mitosis 
consists of five stages: prophase, prometaphase, metaphase, anaphase, and 
telophase. Mitosis is usually accompanied by cytokinesis, during which the 
cytoplasmic components of the daughter cells are separated either by an 
actin ring (animal cells) or by cell plate formation (plant cells). 


Each step of the cell cycle is monitored by internal controls called 
checkpoints. There are three major checkpoints in the cell cycle: one near 
the end of G;, a second at the G>—M transition, and the third during 
metaphase. 


Art Connections 


Exercise: 


Problem: 


[link] Which of the following is the correct order of events in mitosis? 


a. 


Sister chromatids line up at the metaphase plate. The kinetochore 
becomes attached to the mitotic spindle. The nucleus re-forms 
and the cell divides. The sister chromatids separate. 


. The kinetochore becomes attached to the mitotic spindle. The 


sister chromatids separate. Sister chromatids line up at the 
metaphase plate. The nucleus re-forms and the cell divides. 


. The kinetochore becomes attached to metaphase plate. Sister 


chromatids line up at the metaphase plate. The kinetochore breaks 
down and the sister chromatids separate. The nucleus re-forms 
and the cell divides. 


. The kinetochore becomes attached to the mitotic spindle. Sister 


chromatids line up at the metaphase plate. The kinetochore breaks 
apart and the sister chromatids separate. The nucleus re-forms and 
the cell divides. 


Solution: 


[link] D. The kinetochore becomes attached to the mitotic spindle. 
Sister chromatids line up at the metaphase plate. The kinetochore 
breaks apart and the sister chromatids separate. The nucleus reforms 
and the cell divides. 


Multiple Choice 


Exercise: 


Problem: 


Chromosomes are duplicated during what portion of the cell cycle? 


a. G; phase 


b. S phase 
c. prophase 
d. prometaphase 


Solution: 


B 
Exercise: 
Problem: 


Separation of the sister chromatids is a characteristic of which stage of 
mitosis? 


a. prometaphase 
b. metaphase 

c. anaphase 

d. telophase 


Solution: 


C 
Exercise: 
Problem: 


The individual chromosomes become visible with a light microscope 
during which stage of mitosis? 


a. prophase 

b. prometaphase 
c. metaphase 

d. anaphase 


Solution: 


A 


Exercise: 


Problem: What is necessary for a cell to pass the G» checkpoint? 


a. cell has reached a sufficient size 

b. an adequate stockpile of nucleotides 

c. accurate and complete DNA replication 

d. proper attachment of mitotic spindle fibers to kinetochores 


Solution: 


C 


Free Response 


Exercise: 


Problem: 


Describe the similarities and differences between the cytokinesis 
mechanisms found in animal cells versus those in plant cells. 


Solution: 


There are very few similarities between animal cell and plant cell 
cytokinesis. In animal cells, a ring of actin fibers is formed around the 
periphery of the cell at the former metaphase plate. The actin ring 
contracts inward, pulling the plasma membrane toward the center of 
the cell until the cell is pinched in two. In plant cells, a new cell wall 
must be formed between the daughter cells. Because of the rigid cell 
walls of the parent cell, contraction of the middle of the cell is not 
possible. Instead, a cell plate is formed in the center of the cell at the 
former metaphase plate. The cell plate is formed from Golgi vesicles 
that contain enzymes, proteins, and glucose. The vesicles fuse and the 
enzymes build a new cell wall from the proteins and glucose. The cell 


plate grows toward, and eventually fuses with, the cell wall of the 
parent cell. 


Glossary 


anaphase 
the stage of mitosis during which sister chromatids are separated from 
each other 


cell cycle 
the ordered sequence of events that a cell passes through between one 
cell division and the next 


cell cycle checkpoints 
mechanisms that monitor the preparedness of a eukaryotic cell to 
advance through the various cell cycle stages 


cell plate 
a structure formed during plant-cell cytokinesis by Golgi vesicles 
fusing at the metaphase plate; will ultimately lead to formation of a 
cell wall to separate the two daughter cells 


centriole 
a paired rod-like structure constructed of microtubules at the center of 
each animal cell centrosome 


cleavage furrow 
a constriction formed by the actin ring during animal-cell cytokinesis 
that leads to cytoplasmic division 


cytokinesis 
the division of the cytoplasm following mitosis to form two daughter 
cells 


Go phase 
a cell-cycle phase distinct from the G, phase of interphase; a cell in Go 
is not preparing to divide 


G, phase 
(also, first gap) a cell-cycle phase; first phase of interphase centered on 
cell growth during mitosis 


G> phase 
(also, second gap) a cell-cycle phase; third phase of interphase where 
the cell undergoes the final preparations for mitosis 


interphase 
the period of the cell cycle leading up to mitosis; includes G,, S, and 
G> phases; the interim between two consecutive cell divisions 


kinetochore 
a protein structure in the centromere of each sister chromatid that 
attracts and binds spindle microtubules during prometaphase 


metaphase plate 
the equatorial plane midway between two poles of a cell where the 
chromosomes align during metaphase 


metaphase 
the stage of mitosis during which chromosomes are lined up at the 
metaphase plate 


mitosis 
the period of the cell cycle at which the duplicated chromosomes are 
separated into identical nuclei; includes prophase, prometaphase, 
metaphase, anaphase, and telophase 


mitotic phase 
the period of the cell cycle when duplicated chromosomes are 
distributed into two nuclei and the cytoplasmic contents are divided; 
includes mitosis and cytokinesis 


mitotic spindle 
the microtubule apparatus that orchestrates the movement of 
chromosomes during mitosis 


prometaphase 
the stage of mitosis during which mitotic spindle fibers attach to 
kinetochores 


prophase 
the stage of mitosis during which chromosomes condense and the 
mitotic spindle begins to form 


quiescent 
describes a cell that is performing normal cell functions and has not 
initiated preparations for cell division 


S phase 
the second, or synthesis phase, of interphase during which DNA 
replication occurs 


telophase 
the stage of mitosis during which chromosomes arrive at opposite 
poles, decondense, and are surrounded by new nuclear envelopes 


Transcription 
By the end of this section, you will be able to: 


e Explain the central dogma 
e Explain the main steps of transcription 
e Describe how eukaryotic mRNA is processed 


In both prokaryotes and eukaryotes, the second function of DNA (the first 
was replication) is to provide the information needed to construct the 
proteins necessary so that the cell can perform all of its functions. To do 
this, the DNA is “read” or transcribed into an mRNA molecule. The mRNA 
then provides the code to form a protein by a process called translation. 
Through the processes of transcription and translation, a protein is built 
with a specific sequence of amino acids that was originally encoded in the 
DNA. This module discusses the details of transcription. 


The Central Dogma: DNA Encodes RNA; RNA Encodes 
Protein 


The flow of genetic information in cells from DNA to mRNA to protein is 
described by the central dogma ([link]), which states that genes specify the 
sequences of mRNAs, which in turn specify the sequences of proteins. 


Protein 


The central dogma states that 


DNA encodes RNA, which in turn 
encodes protein. 


The copying of DNA to mRNA is relatively straightforward, with one 
nucleotide being added to the mRNA strand for every complementary 
nucleotide read in the DNA strand. The translation to protein is more 
complex because groups of three mRNA nucleotides correspond to one 
amino acid of the protein sequence. However, as we shall see in the next 
module, the translation to protein is still systematic, such that nucleotides 1 
to 3 correspond to amino acid 1, nucleotides 4 to 6 correspond to amino 
acid 2, and so on. 


Transcription: from DNA to mRNA 


Both prokaryotes and eukaryotes perform fundamentally the same process 
of transcription, with the important difference of the membrane-bound 
nucleus in eukaryotes. With the genes bound in the nucleus, transcription 
occurs in the nucleus of the cell and the mRNA transcript must be 
transported to the cytoplasm. The prokaryotes, which include bacteria and 
archaea, lack membrane-bound nuclei and other organelles, and 
transcription occurs in the cytoplasm of the cell. In both prokaryotes and 
eukaryotes, transcription occurs in three main stages: initiation, elongation, 
and termination. 


Initiation 


Transcription requires the DNA double helix to partially unwind in the 
region of mRNA synthesis. The region of unwinding is called a 
transcription bubble. The DNA sequence onto which the proteins and 
enzymes involved in transcription bind to initiate the process is called a 
promoter. In most cases, promoters exist upstream of the genes they 
regulate. The specific sequence of a promoter is very important because it 


determines whether the corresponding gene is transcribed all of the time, 
some of the time, or hardly at all ([link]). 


DNA RNA 
nontemplate 
strand 


Synthesis ——®, 


RNA polymerase 


DNA 
template 
strand Promoter 


The initiation of transcription begins 
when DNA is unwound, forming a 
transcription bubble. Enzymes and 

other proteins involved in 
transcription bind at the promoter. 


Elongation 


Transcription always proceeds from one of the two DNA strands, which is 
called the template strand. The mRNA product is complementary to the 
template strand and is almost identical to the other DNA strand, called the 
nontemplate strand, with the exception that RNA contains a uracil (U) in 
place of the thymine (T) found in DNA. During elongation, an enzyme 
called RNA polymerase proceeds along the DNA template adding 
nucleotides by base pairing with the DNA template in a manner similar to 
DNA replication, with the difference that an RNA strand is being 
synthesized that does not remain bound to the DNA template. As elongation 
proceeds, the DNA is continuously unwound ahead of the core enzyme and 
rewound behind it ({Llink]). 
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DNA RNA polymerase Template strand 


During elongation, RNA polymerase tracks along the 
DNA template, synthesizes mRNA in the 5' to 3 
direction, and unwinds then rewinds the DNA as it is 
read. 


Termination 


Once a gene is transcribed, the prokaryotic polymerase needs to be 
instructed to dissociate from the DNA template and liberate the newly made 
mRNA. Depending on the gene being transcribed, there are two kinds of 
termination signals, but both involve repeated nucleotide sequences in the 
DNA template that result in RNA polymerase stalling, leaving the DNA 
template, and freeing the mRNA transcript. 


On termination, the process of transcription is complete. In a prokaryotic 
cell, by the time termination occurs, the transcript would already have been 
used to partially synthesize numerous copies of the encoded protein because 
these processes can occur concurrently using multiple ribosomes 
(polyribosomes) ([link]). In contrast, the presence of a nucleus in eukaryotic 
cells precludes simultaneous transcription and translation. 


+ Polyribosome 


Multiple polymerases can transcribe a single 
bacterial gene while numerous ribosomes 
concurrently translate the mRNA transcripts 
into polypeptides. In this way, a specific 
protein can rapidly reach a high 
concentration in the bacterial cell. 


Eukaryotic RNA Processing 


The newly transcribed eukaryotic mRNAs must undergo several processing 
steps before they can be transferred from the nucleus to the cytoplasm and 
translated into a protein. The additional steps involved in eukaryotic mRNA 
maturation create a molecule that is much more stable than a prokaryotic 
mRNA. For example, eukaryotic mRNAs last for several hours, whereas the 
typical prokaryotic mRNA lasts no more than five seconds. 


The mRNA transcript is first coated in RNA-stabilizing proteins to prevent 
it from degrading while it is processed and exported out of the nucleus. This 
occurs while the pre-mRNA still is being synthesized by adding a special 
nucleotide “cap” to the 5' end of the growing transcript. In addition to 
preventing degradation, factors involved in protein synthesis recognize the 
cap to help initiate translation by ribosomes. 


Once elongation is complete, an enzyme then adds a string of 
approximately 200 adenine residues to the 3' end, called the poly-A tail. 
This modification further protects the pre-mRNA from degradation and 
signals to cellular factors that the transcript needs to be exported to the 
cytoplasm. 


Eukaryotic genes are composed of protein-coding sequences called exons 
(ex-on signifies that they are expressed) and intervening sequences called 
introns (int-ron denotes their intervening role). Introns are removed from 
the pre-mRNA during processing. Intron sequences in MRNA do not 
encode functional proteins. It is essential that all of a pre-mRNA’s introns 
be completely and precisely removed before protein synthesis so that the 
exons join together to code for the correct amino acids. If the process errs 
by even a single nucleotide, the sequence of the rejoined exons would be 
shifted, and the resulting protein would be nonfunctional. The process of 
removing introns and reconnecting exons is called splicing ({link]). Introns 
are removed and degraded while the pre-mRNA is still in the nucleus. 


Primary RNA transcript 


RNA processing 


Spliced RNA 
5’ cap Poly-A tail 
5’ untranslated 3' untranslated 
region region 


Eukaryotic mRNA contains introns that 
must be spliced out. A 5' cap and 3' tail 
are also added. 


Section Summary 


In prokaryotes, mRNA synthesis is initiated at a promoter sequence on the 
DNA template. Elongation synthesizes new mRNA. Termination liberates 
the mRNA and occurs by mechanisms that stall the RNA polymerase and 
cause it to fall off the DNA template. Newly transcribed eukaryotic mRNAs 
are modified with a cap and a poly-A tail. These structures protect the 


mature mRNA from degradation and help export it from the nucleus. 
Eukaryotic mRNAs also undergo splicing, in which introns are removed 
and exons are reconnected with single-nucleotide accuracy. Only finished 
mRNAs are exported from the nucleus to the cytoplasm. 


Multiple Choice 


Exercise: 


Problem: A promoter is 


a. a specific sequence of DNA nucleotides 
b. a specific sequence of RNA nucleotides 
c. a protein that binds to DNA 

d. an enzyme that synthesizes RNA 


Solution: 


A 
Exercise: 


Problem: 


Portions of eukaryotic MRNA sequence that are removed during RNA 
processing are 


a. exons 
b. caps 

c. poly-A tails 
d. introns 


Solution: 


D 


Glossary 


exon 
a sequence present in protein-coding mRNA after completion of pre- 
mRNA splicing 


intron 
non—protein-coding intervening sequences that are spliced from 
mRNA during processing 


mRNA 
messenger RNA; a form of RNA that carries the nucleotide sequence 
code for a protein sequence that is translated into a polypeptide 
sequence 


nontemplate strand 
the strand of DNA that is not used to transcribe mRNA; this strand is 
identical to the mRNA except that T nucleotides in the DNA are 
replaced by U nucleotides in the mRNA 


promoter 
a sequence on DNA to which RNA polymerase and associated factors 
bind and initiate transcription 


RNA polymerase 
an enzyme that synthesizes an RNA strand from a DNA template 
strand 


splicing 
the process of removing introns and reconnecting exons in a pre- 
mRNA 


template strand 
the strand of DNA that specifies the complementary mRNA molecule 


transcription bubble 
the region of locally unwound DNA that allows for transcription of 
mRNA 


Translation 
By the end of this section, you will be able to: 


e Describe the different steps in protein synthesis 

e Discuss the role of ribosomes in protein synthesis 

e Describe the genetic code and how the nucleotide sequence determines 
the amino acid and the protein sequence 


The synthesis of proteins is one of a cell’s most energy-consuming 
metabolic processes. In turn, proteins account for more mass than any other 
component of living organisms (with the exception of water), and proteins 
perform a wide variety of the functions of a cell. The process of translation, 
or protein synthesis, involves decoding an mRNA message into a 
polypeptide product. Amino acids are covalently strung together in lengths 
ranging from approximately 50 amino acids to more than 1,000. 


The Protein Synthesis Machinery 


In addition to the mRNA template, many other molecules contribute to the 
process of translation. The composition of each component may vary across 
species; for instance, ribosomes may consist of different numbers of 
ribosomal RNAs (rRNA) and polypeptides depending on the organism. 
However, the general structures and functions of the protein synthesis 
machinery are comparable from bacteria to human cells. Translation 
requires the input of an mRNA template, ribosomes, tRNAs, and various 
enzymatic factors ([link]). 


Amino acids 


Growing 


protein chain Ribosome 


tRNA 


mRNA 


The protein synthesis machinery 
includes the large and small 
subunits of the ribosome, mRNA, 
and tRNA. (credit: modification of 
work by NIGMS, NIH) 


In E. coli, there are 200,000 ribosomes present in every cell at any given 
time. A ribosome is a complex macromolecule composed of structural and 
catalytic rRNAs, and many distinct polypeptides. In eukaryotes, the 
nucleolus is completely specialized for the synthesis and assembly of 
rRNAs. 


Ribosomes are located in the cytoplasm in prokaryotes and in the cytoplasm 
and endoplasmic reticulum of eukaryotes. Ribosomes are made up of a 
large and a small subunit that come together for translation. The small 
subunit is responsible for binding the mRNA template, whereas the large 
subunit sequentially binds tRNAs, a type of RNA molecule that brings 
amino acids to the growing chain of the polypeptide. Each mRNA molecule 
is simultaneously translated by many ribosomes, all synthesizing protein in 
the same direction. 


Depending on the species, 40 to 60 types of tRNA exist in the cytoplasm. 
Serving as adaptors, specific tRNAs bind to sequences on the mRNA 


template and add the corresponding amino acid to the polypeptide chain. 
Therefore, tRNAs are the molecules that actually “translate” the language 
of RNA into the language of proteins. For each tRNA to function, it must 
have its specific amino acid bonded to it. In the process of tRNA 
“charging,” each tRNA molecule is bonded to its correct amino acid. 


The Genetic Code 


To summarize what we know to this point, the cellular process of 
transcription generates messenger RNA (MRNA), a mobile molecular copy 
of one or more genes with an alphabet of A, C, G, and uracil (U). 
Translation of the mRNA template converts nucleotide-based genetic 
information into a protein product. Protein sequences consist of 20 
commonly occurring amino acids; therefore, it can be said that the protein 
alphabet consists of 20 letters. Each amino acid is defined by a three- 
nucleotide sequence called the triplet codon. The relationship between a 
nucleotide codon and its corresponding amino acid is called the genetic 
code. 


Given the different numbers of “letters” in the mRNA and protein 
“alphabets,” combinations of nucleotides corresponded to single amino 
acids. Using a three-nucleotide code means that there are a total of 64 (4 x 4 
x 4) possible combinations; therefore, a given amino acid is encoded by 
more than one nucleotide triplet ({link]). 
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This figure shows the genetic code for 
translating each nucleotide triplet, or 
codon, in mRNA into an amino acid 

or a termination signal in a nascent 
protein. (credit: modification of work 
by NIH) 


Three of the 64 codons terminate protein synthesis and release the 
polypeptide from the translation machinery. These triplets are called stop 
codons. Another codon, AUG, also has a special function. In addition to 
specifying the amino acid methionine, it also serves as the start codon to 
initiate translation. The reading frame for translation is set by the AUG start 
codon near the 5' end of the mRNA. The genetic code is universal. With a 
few exceptions, virtually all species use the same genetic code for protein 
synthesis, which is powerful evidence that all life on Earth shares a 
common origin. 


The Mechanism of Protein Synthesis 


Just as with mRNA synthesis, protein synthesis can be divided into three 
phases: initiation, elongation, and termination. The process of translation is 


similar in prokaryotes and eukaryotes. Here we will explore how translation 
occurs in E. coli, a representative prokaryote, and specify any differences 
between prokaryotic and eukaryotic translation. 


Protein synthesis begins with the formation of an initiation complex. In E. 
coli, this complex involves the small ribosome subunit, the mRNA 
template, three initiation factors, and a special initiator tRNA. The initiator 
tRNA interacts with the AUG start codon, and links to a special form of the 
amino acid methionine that is typically removed from the polypeptide after 
translation is complete. 


In prokaryotes and eukaryotes, the basics of polypeptide elongation are the 
same, so we will review elongation from the perspective of E. coli. The 
large ribosomal subunit of E. coli consists of three compartments: the A site 
binds incoming charged tRNAs (tRNAs with their attached specific amino 
acids). The P site binds charged tRNAs carrying amino acids that have 
formed bonds with the growing polypeptide chain but have not yet 
dissociated from their corresponding tRNA. The E site releases dissociated 
tRNAs so they can be recharged with free amino acids. The ribosome shifts 
one codon at a time, catalyzing each process that occurs in the three sites. 
With each step, a charged tRNA enters the complex, the polypeptide 
becomes one amino acid longer, and an uncharged tRNA departs. The 
energy for each bond between amino acids is derived from GTP, a molecule 
similar to ATP ([link]). Amazingly, the E. coli translation apparatus takes 
only 0.05 seconds to add each amino acid, meaning that a 200-amino acid 
polypeptide could be translated in just 10 seconds. 


Ribosome large 
subunit 


Small Ribosomal 
subunit 


Polypeptide chain 


Translation begins when a tRNA 
anticodon recognizes a codon on 
the mRNA. The large ribosomal 
subunit joins the small subunit, 
and a second tRNA is recruited. 
As the mRNA moves relative to 
the ribosome, the polypeptide 
chain is formed. Entry of a release 
factor into the A site terminates 
translation and the components 
dissociate. 


Termination of translation occurs when a stop codon (UAA, UAG, or UGA) 
is encountered. When the ribosome encounters the stop codon, the growing 
polypeptide is released and the ribosome subunits dissociate and leave the 
mRNA. After many ribosomes have completed translation, the mRNA is 
degraded so the nucleotides can be reused in another transcription reaction. 


Note: 
Concept in Action 
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Transcribe a gene and translate it to protein using complementary pairing 
and the genetic code at this site. 


Section Summary 


The central dogma describes the flow of genetic information in the cell 
from genes to mRNA to proteins. Genes are used to make MRNA by the 
process of transcription; mRNA is used to synthesize proteins by the 
process of translation. The genetic code is the correspondence between the 
three-nucleotide mRNA codon and an amino acid. The genetic code is 
“translated” by the tRNA molecules, which associate a specific codon with 
a specific amino acid. The genetic code is degenerate because 64 triplet 
codons in mRNA specify only 20 amino acids and three stop codons. This 
means that more than one codon corresponds to an amino acid. Almost 
every species on the planet uses the same genetic code. 


The players in translation include the mRNA template, ribosomes, tRNAs, 
and various enzymatic factors. The small ribosomal subunit binds to the 
mRNA template. Translation begins at the initiating AUG on the mRNA. 
The formation of bonds occurs between sequential amino acids specified by 
the mRNA template according to the genetic code. The ribosome accepts 
charged tRNAs, and as it steps along the mRNA, it catalyzes bonding 
between the new amino acid and the end of the growing polypeptide. The 
entire mRNA is translated in three-nucleotide “steps” of the ribosome. 
When a stop codon is encountered, a release factor binds and dissociates the 
components and frees the new protein. 


Multiple Choice 


Exercise: 


Problem: 
The RNA components of ribosomes are synthesized in the 


a. cytoplasm 

b. nucleus 

c. nucleolus 

d. endoplasmic reticulum 


Solution: 


C 
Exercise: 


Problem: 


How long would the peptide be that is translated from this MRNA 
sequence: 5'-AUGGGCUACCGA-3'? 
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Solution: 


D 


Free Response 


Exercise: 


Problem: 


Transcribe and translate the following DNA sequence (nontemplate 
strand): 5'-ATGGCCGGTTATTAAGCA-3' 


Solution: 


The mRNA would be: 5'-AUGGCCGGUUAUUAAGCA-3'. The 
protein would be: MAGY. Even though there are six codons, the fifth 
codon corresponds to a stop, so the sixth codon would not be 
translated. 


Glossary 


codon 
three consecutive nucleotides in mRNA that specify the addition of a 
specific amino acid or the release of a polypeptide chain during 
translation 


genetic code 
the amino acids that correspond to three-nucleotide codons of MRNA 


rRNA 
ribosomal RNA; molecules of RNA that combine to form part of the 
ribosome 


stop codon 
one of the three mRNA codons that specifies termination of translation 


start codon 
the AUG (or, rarely GUG) on an mRNA from which translation 
begins; always specifies methionine 


tRNA 
transfer RNA; an RNA molecule that contains a specific three- 
nucleotide anticodon sequence to pair with the mRNA codon and also 
binds to a specific amino acid 


Introduction to Cell Signalling 
class="introduction" 


Have you ever 
become 
separated from 
a friend while 
in a crowd? If 
so, you know 
the challenge 
of searching 
for someone 
when 
surrounded by 
thousands of 
other people. If 
you and your 
friend have 
cell phones, 
your chances 
of finding each 
other are good. 
A cell phone’s 
ability to send 
and receive 
messages 
makes it an 
ideal 
communicatio 
n device. 
(credit: 
modification of 
work by 
Vincent and 
Bella 
Productions) 


Imagine what life would be like if you and the people around you could not 
communicate. You would not be able to express your wishes to others, nor 
could you ask questions to find out more about your environment. Social 
organization is dependent on communication between the individuals that 
comprise that society; without communication, society would fall apart. 


As with people, it is vital for individual cells to be able to interact with their 
environment. This is true whether a cell is growing by itself in a pond or is 
one of many cells that form a larger organism. In order to properly respond 
to external stimuli, cells have developed complex mechanisms of 
communication that can receive a message, transfer the information across 
the plasma membrane, and then produce changes within the cell in response 
to the message. 


In multicellular organisms, cells send and receive chemical messages 
constantly to coordinate the actions of distant organs, tissues, and cells. The 
ability to send messages quickly and efficiently enables cells to coordinate 
and fine-tune their functions. 


While the necessity for cellular communication in larger organisms seems 
obvious, even single-celled organisms communicate with each other. Yeast 
cells signal each other to aid mating. Some forms of bacteria coordinate 
their actions in order to form large complexes called biofilms or to organize 
the production of toxins to remove competing organisms. The ability of 
cells to communicate through chemical signals originated in single cells and 
was essential for the evolution of multicellular organisms. The efficient and 
error-free function of communication systems is vital for all life as we know 
it. 


Signaling Molecules and Cellular Receptors 
By the end of this section, you will be able to: 


e Describe four types of signaling found in multicellular organisms 

e Compare internal receptors with cell-surface receptors 

e Recognize the relationship between a ligand’s structure and its 
mechanism of action 


There are two kinds of communication in the world of living cells. 
Communication between cells is called intercellular signaling, and 
communication within a cell is called intracellular signaling. An easy way 
to remember the distinction is by understanding the Latin origin of the 
prefixes: inter- means "between" (for example, intersecting lines are those 
that cross each other) and intra- means "inside" (like intravenous). 


Chemical signals are released by signaling cells in the form of small, 
usually volatile or soluble molecules called ligands. A ligand is a molecule 
that binds another specific molecule, in some cases, delivering a signal in 
the process. Ligands can thus be thought of as signaling molecules. Ligands 
interact with proteins in target cells, which are cells that are affected by 
chemical signals; these proteins are also called receptors. Ligands and 
receptors exist in several varieties; however, a specific ligand will have a 
specific receptor that typically binds only that ligand. 


Forms of Signaling 


There are four categories of chemical signaling found in multicellular 
organisms: paracrine signaling, endocrine signaling, autocrine signaling, 
and direct signaling across gap junctions ({link]). The main difference 
between the different categories of signaling is the distance that the signal 
travels through the organism to reach the target cell. Not all cells are 
affected by the same signals. 


Forms of Chemical Signaling 


A cell targets itself. 


A cell targets a cell connected by gap junctions. 
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In chemical signaling, a cell may target itself 
(autocrine signaling), a cell connected by gap 
junctions, a nearby cell (paracrine signaling), 
or a distant cell (endocrine signaling). 
Paracrine signaling acts on nearby cells, 
endocrine signaling uses the circulatory 
system to transport ligands, and autocrine 
signaling acts on the signaling cell. Signaling 
via gap junctions involves signaling molecules 
moving directly between adjacent cells. 


Paracrine Signaling 


Signals that act locally between cells that are close together are called 
paracrine signals. Paracrine signals move by diffusion through the 


extracellular matrix. These types of signals usually elicit quick responses 
that last only a short amount of time. In order to keep the response 
localized, paracrine ligand molecules are normally quickly degraded by 
enzymes or removed by neighboring cells. Removing the signals will 
reestablish the concentration gradient for the signal, allowing them to 
quickly diffuse through the intracellular space if released again. 


One example of paracrine signaling is the transfer of signals across 
synapses between nerve cells. A nerve cell consists of a cell body, several 
short, branched extensions called dendrites that receive stimuli, and a long 
extension called an axon, which transmits signals to other nerve cells or 
muscle cells. The junction between nerve cells where signal transmission 
occurs is called a synapse. A synaptic signal is a chemical signal that 
travels between nerve cells. Signals within the nerve cells are propagated by 
fast-moving electrical impulses. When these impulses reach the end of the 
axon, the signal continues on to a dendrite of the next cell by the release of 
chemical ligands called neurotransmitters by the presynaptic cell (the cell 
emitting the signal). The neurotransmitters are transported across the very 
small distances between nerve cells, which are called chemical synapses 
({link]). The small distance between nerve cells allows the signal to travel 
quickly; this enables an immediate response, such as, Take your hand off 
the stove! 


When the neurotransmitter binds the receptor on the surface of the 
postsynaptic cell, the electrochemical potential of the target cell changes, 
and the next electrical impulse is launched. The neurotransmitters that are 
released into the chemical synapse are degraded quickly or get reabsorbed 
by the presynaptic cell so that the recipient nerve cell can recover quickly 
and be prepared to respond rapidly to the next synaptic signal. 
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The distance between the 
presynaptic cell and the 
postsynaptic cell—called the 
synaptic gap—is very small 
and allows for rapid diffusion 
of the neurotransmitter. 
Enzymes in the synapatic 
cleft degrade some types of 
neurotransmitters to 
terminate the signal. 


Endocrine Signaling 


Signals from distant cells are called endocrine signals, and they originate 
from endocrine cells. (In the body, many endocrine cells are located in 
endocrine glands, such as the thyroid gland, the hypothalamus, and the 
pituitary gland.) These types of signals usually produce a slower response 


but have a longer-lasting effect. The ligands released in endocrine signaling 
are called hormones, signaling molecules that are produced in one part of 
the body but affect other body regions some distance away. 


Hormones travel the large distances between endocrine cells and their target 
cells via the bloodstream, which is a relatively slow way to move 
throughout the body. Because of their form of transport, hormones get 
diluted and are present in low concentrations when they act on their target 
cells. This is different from paracrine signaling, in which local 
concentrations of ligands can be very high. 


Autocrine Signaling 


Autocrine signals are produced by signaling cells that can also bind to the 
ligand that is released. This means the signaling cell and the target cell can 
be the same or a similar cell (the prefix quto- means self, a reminder that 
the signaling cell sends a signal to itself). This type of signaling often 
occurs during the early development of an organism to ensure that cells 
develop into the correct tissues and take on the proper function. Autocrine 
signaling also regulates pain sensation and inflammatory responses. Further, 
if a cell is infected with a virus, the cell can signal itself to undergo 
programmed cell death, killing the virus in the process. In some cases, 
neighboring cells of the same type are also influenced by the released 
ligand. In embryological development, this process of stimulating a group 
of neighboring cells may help to direct the differentiation of identical cells 
into the same cell type, thus ensuring the proper developmental outcome. 


Direct Signaling Across Gap Junctions 


Gap junctions in animals and plasmodesmata in plants are connections 
between the plasma membranes of neighboring cells. These water-filled 
channels allow small signaling molecules, called intracellular mediators, 
to diffuse between the two cells. Small molecules, such as calcium ions 
(Ca*), are able to move between cells, but large molecules like proteins 


and DNA cannot fit through the channels. The specificity of the channels 
ensures that the cells remain independent but can quickly and easily 
transmit signals. The transfer of signaling molecules communicates the 
current state of the cell that is directly next to the target cell; this allows a 
group of cells to coordinate their response to a signal that only one of them 
may have received. In plants, plasmodesmata are ubiquitous, making the 
entire plant into a giant, communication network. 


Types of Receptors 


Receptors are protein molecules in the target cell or on its surface that bind 
ligand. There are two types of receptors, internal receptors and cell-surface 
receptors. 


Internal receptors 


Internal receptors, also known as intracellular or cytoplasmic receptors, 
are found in the cytoplasm of the cell and respond to hydrophobic ligand 
molecules that are able to travel across the plasma membrane. Once inside 
the cell, many of these molecules bind to proteins that act as regulators of 
mRNA synthesis (transcription) to mediate gene expression. Gene 
expression is the cellular process of transforming the information in a cell's 
DNA into a sequence of amino acids, which ultimately forms a protein. 
When the ligand binds to the internal receptor, a conformational change is 
triggered that exposes a DNA-binding site on the protein. The ligand- 
receptor complex moves into the nucleus, then binds to specific regulatory 
regions of the chromosomal DNA and promotes the initiation of 
transcription ({link]). Transcription is the process of copying the 
information in a cells DNA into a special form of RNA called messenger 
RNA (mRNA); the cell uses information in the mRNA (which moves out 
into the cytoplasm and associates with ribosomes) to link specific amino 
acids in the correct order, producing a protein. Internal receptors can 
directly influence gene expression without having to pass the signal on to 
other receptors or messengers. 
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Cell-Surface Receptors 


Cell-surface receptors, also known as transmembrane receptors, are cell 
surface, membrane-anchored (integral) proteins that bind to external ligand 
molecules. This type of receptor spans the plasma membrane and performs 
signal transduction, in which an extracellular signal is converted into an 
intercellular signal. Ligands that interact with cell-surface receptors do not 
have to enter the cell that they affect. Cell-surface receptors are also called 


cell-specific proteins or markers because they are specific to individual cell 
types. 


Because cell-surface receptor proteins are fundamental to normal cell 
functioning, it should come as no surprise that a malfunction in any one of 
these proteins could have severe consequences. Errors in the protein 
structures of certain receptor molecules have been shown to play a role in 
hypertension (high blood pressure), asthma, heart disease, and cancer. 


Each cell-surface receptor has three main components: an external ligand- 
binding domain, a hydrophobic membrane-spanning region, and an 
intracellular domain inside the cell. The ligand-binding domain is also 
called the extracellular domain. The size and extent of each of these 
domains vary widely, depending on the type of receptor. 


Note: 

Evolution Connection 

How Viruses Recognize a Host 

Unlike living cells, many viruses do not have a plasma membrane or any of 
the structures necessary to sustain life. Some viruses are simply composed 
of an inert protein shell containing DNA or RNA. To reproduce, viruses 
must invade a living cell, which serves as a host, and then take over the 
hosts cellular apparatus. But how does a virus recognize its host? 

Viruses often bind to cell-surface receptors on the host cell. For example, 
the virus that causes human influenza (flu) binds specifically to receptors 
on membranes of cells of the respiratory system. Chemical differences in 
the cell-surface receptors among hosts mean that a virus that infects a 
specific species (for example, humans) cannot infect another species (for 
example, chickens). 

However, viruses have very small amounts of DNA or RNA compared to 
humans, and, as a result, viral reproduction can occur rapidly. Viral 
reproduction invariably produces errors that can lead to changes in newly 
produced viruses; these changes mean that the viral proteins that interact 
with cell-surface receptors may evolve in such a way that they can bind to 
receptors in a new host. Such changes happen randomly and quite often in 
the reproductive cycle of a virus, but the changes only matter if a virus 


with new binding properties comes into contact with a suitable host. In the 
case of influenza, this situation can occur in settings where animals and 
people are in close contact, such as poultry and swine farms. '2o™ete] Once 
a virus jumps to a new host, it can spread quickly. Scientists watch newly 
appearing viruses (called emerging viruses) closely in the hope that such 
monitoring can reduce the likelihood of global viral epidemics. 

A. B. Sigalov, The School of Nature. IV. Learning from Viruses, 
Self/Nonself 1, no. 4 (2010): 282-298. Y. Cao, X. Koh, L. Dong, X. Du, A. 
Wu, X. Ding, H. Deng, Y. Shu, J. Chen, T. Jiang, Rapid Estimation of 
Binding Activity of Influenza Virus Hemagglutinin to Human and Avian 
Receptors, PLoS One 6, no. 4 (2011): e18664. 


Cell-surface receptors are involved in most of the signaling in multicellular 
organisms. There are three general categories of cell-surface receptors: ion 
channel-linked receptors, G-protein-linked receptors, and enzyme-linked 
receptors. 


Ion channel-linked receptors bind a ligand and open a channel through the 
membrane that allows specific ions to pass through. To form a channel, this 
type of cell-surface receptor has an extensive membrane-spanning region. 
In order to interact with the phospholipid fatty acid tails that form the center 
of the plasma membrane, many of the amino acids in the membrane- 
spanning region are hydrophobic in nature. Conversely, the amino acids that 
line the inside of the channel are hydrophilic to allow for the passage of 
water or ions. When a ligand binds to the extracellular region of the 
channel, there is a conformational change in the proteins structure that 
allows ions such as sodium, calcium, magnesium, and hydrogen to pass 
through ([link]). 
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Gated ion channels form a pore 
through the plasma membrane that 
opens when the signaling 
molecule binds. The open pore 
then allows ions to flow into or 
out of the cell. 


G-protein-linked receptors bind a ligand and activate a membrane protein 
called a G-protein. The activated G-protein then interacts with either an ion 
channel or an enzyme in the membrane ((link]). All G-protein-linked 
receptors have seven transmembrane domains, but each receptor has its own 
specific extracellular domain and G-protein-binding site. 


Cell signaling using G-protein-linked receptors occurs as a cyclic series of 
events. Before the ligand binds, the inactive G-protein can bind to a newly 
revealed site on the receptor specific for its binding. Once the ligand binds 
to the receptor, the resultant shape change activates the G-protein, which 
releases GDP and picks up GTP. The subunits of the G-protein then split 
into the a subunit and the By subunit. One or both of these G-protein 
fragments may be able to activate other proteins as a result. After a while, 
the GTP on the active a subunit of the G-protein is hydrolyzed to GDP and 
the By subunit is deactivated. The subunits reassociate to form the inactive 
G-protein and the cycle begins anew. 
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Heterotrimeric G proteins have three 
subunits: a, B, and y. When a signaling 
molecule binds to a G-protein-coupled 

receptor in the plasma membrane, a GDP 
molecule associated with the a subunit is 
exchanged for GTP. The f and y subunits 
dissociate from the a subunit, and a cellular 
response is triggered either by the a subunit 
or the dissociated Sy pair. Hydrolysis of GTP 
to GDP terminates the signal. 


G-protein-linked receptors have been extensively studied and much has 
been learned about their roles in maintaining health. Bacteria that are 
pathogenic to humans can release poisons that interrupt specific G-protein- 


linked receptor function, leading to illnesses such as pertussis, botulism, 
and cholera. In cholera ({link]), for example, the water-borne bacterium 
Vibrio cholerae produces a toxin, choleragen, that binds to cells lining the 
small intestine. The toxin then enters these intestinal cells, where it 
modifies a G-protein that controls the opening of a chloride channel and 
causes it to remain continuously active, resulting in large losses of fluids 
from the body and potentially fatal dehydration as a result. 
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Transmitted primarily 
through contaminated 
drinking water, cholera is 
a major cause of death in 
the developing world and 
in areas where natural 
disasters interrupt the 
availability of clean 
water. The cholera 
bacterium, Vibrio 
cholerae, creates a toxin 
that modifies G-protein- 
mediated cell signaling 


pathways in the 
intestines. Modern 
Sanitation eliminates the 
threat of cholera 
outbreaks, such as the one 
that swept through New 
York City in 1866. This 
poster from that era 
shows how, at that time, 
the way that the disease 
was transmitted was not 
understood. (credit: New 
York City Sanitary 
Commission) 


Enzyme-linked receptors are cell-surface receptors with intracellular 
domains that are associated with an enzyme. In some cases, the intracellular 
domain of the receptor itself is an enzyme. Other enzyme-linked receptors 
have a small intracellular domain that interacts directly with an enzyme. 
The enzyme-linked receptors normally have large extracellular and 
intracellular domains, but the membrane-spanning region consists of a 
single alpha-helical region of the peptide strand. When a ligand binds to the 
extracellular domain, a signal is transferred through the membrane, 
activating the enzyme. Activation of the enzyme sets off a chain of events 
within the cell that eventually leads to a response. One example of this type 
of enzyme-linked receptor is the tyrosine kinase receptor ([link]). A kinase 
is an enzyme that transfers phosphate groups from ATP to another protein. 
The tyrosine kinase receptor transfers phosphate groups to tyrosine 
molecules (tyrosine residues). First, signaling molecules bind to the 
extracellular domain of two nearby tyrosine kinase receptors. The two 
neighboring receptors then bond together, or dimerize. Phosphates are then 
added to tyrosine residues on the intracellular domain of the receptors 
(phosphorylation). The phosphorylated residues can then transmit the signal 
to the next messenger within the cytoplasm. 


Note: 
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A receptor tyrosine kinase is 
an enzyme-linked receptor 
with a single transmembrane 
region, and extracellular and 
intracellular domains. 
Binding of a signaling 
molecule to the extracellular 
domain causes the receptor to 
dimerize. Tyrosine residues 
on the intracellular domain 
are then autophosphorylated, 


triggering a downstream 
cellular response. The signal 
is terminated by a 
phosphatase that removes the 
phosphates from the 
phosphotyrosine residues. 


HER2 is a receptor tyrosine kinase. In 30 percent of human breast cancers, 
HER2 is permanently activated, resulting in unregulated cell division. 
Lapatinib, a drug used to treat breast cancer, inhibits HER2 receptor 
tyrosine kinase autophosphorylation (the process by which the receptor 
adds phosphates onto itself), thus reducing tumor growth by 50 percent. 
Besides autophosphorylation, which of the following steps would be 
inhibited by Lapatinib? 


a. Signaling molecule binding, dimerization, and the downstream 
cellular response 

b. Dimerization, and the downstream cellular response 

c. The downstream cellular response 

d. Phosphatase activity, dimerization, and the downsteam cellular 
response 


Signaling Molecules 


Produced by signaling cells and the subsequent binding to receptors in 
target cells, ligands act as chemical signals that travel to the target cells to 
coordinate responses. The types of molecules that serve as ligands are 
incredibly varied and range from small proteins to small ions like calcium 
(Ca?"):; 


Small Hydrophobic Ligands 


Small hydrophobic ligands can directly diffuse through the plasma 
membrane and interact with internal receptors. Important members of this 
class of ligands are the steroid hormones. Steroids are lipids that have a 
hydrocarbon skeleton with four fused rings; different steroids have different 
functional groups attached to the carbon skeleton. Steroid hormones include 
the female sex hormone, estradiol, which is a type of estrogen; the male sex 
hormone, testosterone; and cholesterol, which is an important structural 
component of biological membranes and a precursor of steriod hormones 
({link]). Other hydrophobic hormones include thyroid hormones and 
vitamin D. In order to be soluble in blood, hydrophobic ligands must bind 
to carrier proteins while they are being transported through the bloodstream. 
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Steroid hormones have 
similar chemical structures to 
their precursor, cholesterol. 
Because these molecules are 
small and hydrophobic, they 
can diffuse directly across the 
plasma membrane into the 
cell, where they interact with 
internal receptors. 


Water-Soluble Ligands 


Water-soluble ligands are polar and therefore cannot pass through the 
plasma membrane unaided; sometimes, they are too large to pass through 
the membrane at all. Instead, most water-soluble ligands bind to the 
extracellular domain of cell-surface receptors. This group of ligands is quite 
diverse and includes small molecules, peptides, and proteins. 


Other Ligands 


Nitric oxide (NO) is a gas that also acts as a ligand. It is able to diffuse 
directly across the plasma membrane, and one of its roles is to interact with 
receptors in smooth muscle and induce relaxation of the tissue. NO has a 
very short half-life and therefore only functions over short distances. 
Nitroglycerin, a treatment for heart disease, acts by triggering the release of 
NO, which causes blood vessels to dilate (expand), thus restoring blood 
flow to the heart. NO has become better known recently because the 
pathway that it affects is targeted by prescription medications for erectile 
dysfunction, such as Viagra (erection involves dilated blood vessels). 


Section Summary 


Cells communicate by both inter- and intracellular signaling. Signaling cells 
secrete ligands that bind to target cells and initiate a chain of events within 
the target cell. The four categories of signaling in multicellular organisms 
are paracrine signaling, endocrine signaling, autocrine signaling, and direct 
signaling across gap junctions. Paracrine signaling takes place over short 
distances. Endocrine signals are carried long distances through the 
bloodstream by hormones, and autocrine signals are received by the same 
cell that sent the signal or other nearby cells of the same kind. Gap 
junctions allow small molecules, including signaling molecules, to flow 
between neighboring cells. 


Internal receptors are found in the cell cytoplasm. Here, they bind ligand 
molecules that cross the plasma membrane; these receptor-ligand 
complexes move to the nucleus and interact directly with cellular DNA. 
Cell-surface receptors transmit a signal from outside the cell to the 
cytoplasm. Ion channel-linked receptors, when bound to their ligands, form 
a pore through the plasma membrane through which certain ions can pass. 
G-protein-linked receptors interact with a G-protein on the cytoplasmic side 
of the plasma membrane, promoting the exchange of bound GDP for GTP 
and interacting with other enzymes or ion channels to transmit a signal. 
Enzyme-linked receptors transmit a signal from outside the cell to an 
intracellular domain of a membrane-bound enzyme. Ligand binding causes 
activation of the enzyme. Small hydrophobic ligands (like steroids) are able 
to penetrate the plasma membrane and bind to internal receptors. Water- 
soluble hydrophilic ligands are unable to pass through the membrane; 
instead, they bind to cell-surface receptors, which transmit the signal to the 
inside of the cell. 


Art Connections 


Exercise: 


Problem: 


[link] HER2 is a receptor tyrosine kinase. In 30 percent of human 
breast cancers, HER2 is permanently activated, resulting in 
unregulated cell division. Lapatinib, a drug used to treat breast cancer, 
inhibits HER2 receptor tyrosine kinase autophosphorylation (the 
process by which the receptor adds phosphates onto itself), thus 
reducing tumor growth by 50 percent. Besides autophosphorylation, 
which of the following steps would be inhibited by Lapatinib? 


a. Signaling molecule binding, dimerization, and the downstream 
cellular response. 

b. Dimerization, and the downstream cellular response. 

c. The downstream cellular response. 

d. Phosphatase activity, dimerization, and the downsteam cellular 
response. 


Solution: 


[link] C. The downstream cellular response would be inhibited. 


Review Questions 


Exercise: 


Problem: 


What property prevents the ligands of cell-surface receptors from 
entering the cell? 


a. The molecules bind to the extracellular domain. 

b. The molecules are hydrophilic and cannot penetrate the 
hydrophobic interior of the plasma membrane. 

c. The molecules are attached to transport proteins that deliver them 
through the bloodstream to target cells. 

d. The ligands are able to penetrate the membrane and directly 
influence gene expression upon receptor binding. 


Solution: 


B 
Exercise: 


Problem: 


The secretion of hormones by the pituitary gland is an example of 


a. autocrine signaling 
b. paracrine signaling 
c. endocrine signaling 
d. direct signaling across gap junctions 


Solution: 


C 
Exercise: 


Problem: 
Why are ion channels necessary to transport ions into or out of a cell? 


a. Ions are too large to diffuse through the membrane. 

b. Ions are charged particles and cannot diffuse through the 
hydrophobic interior of the membrane. 

c. Ions do not need ion channels to move through the membrane. 

d. Ions bind to carrier proteins in the bloodstream, which must be 
removed before transport into the cell. 


Solution: 


B 
Exercise: 
Problem: 


Endocrine signals are transmitted more slowly than paracrine signals 
because 


a. the ligands are transported through the bloodstream and travel 
greater distances 

b. the target and signaling cells are close together 

c. the ligands are degraded rapidly 

d. the ligands don't bind to carrier proteins during transport 


Solution: 


A 


Free Response 


Exercise: 
Problem: 


What is the difference between intracellular signaling and intercellular 
signaling? 


Solution: 
Intracellular signaling occurs within a cell, and intercellular signaling 
occurs between cells. 
Exercise: 
Problem: 


How are the effects of paracrine signaling limited to an area near the 
signaling cells? 


Solution: 

The secreted ligands are quickly removed by degradation or 

reabsorption into the cell so that they cannot travel far. 
Exercise: 

Problem: 


What are the differences between internal receptors and cell-surface 
receptors? 


Solution: 


Internal receptors are located inside the cell, and their ligands enter the 
cell to bind the receptor. The complex formed by the internal receptor 
and the ligand then enters the nucleus and directly affects protein 
production by binding to the chromosomal DNA and initiating the 
making of mRNA that codes for proteins. Cell-surface receptors, 
however, are embedded in the plasma membrane, and their ligands do 


not enter the cell. Binding of the ligand to the cell-surface receptor 
initiates a cell signaling cascade and does not directly influence the 
making of proteins; however, it may involve the activation of 
intracellular proteins. 


Exercise: 


Problem: 


Cells grown in the laboratory are mixed with a dye molecule that is 
unable to pass through the plasma membrane. If a ligand is added to 
the cells, observations show that the dye enters the cells. What type of 
receptor did the ligand bind to on the cell surface? 


Solution: 


An ion channel receptor opened up a pore in the membrane, which 
allowed the ionic dye to move into the cell. 


Glossary 


autocrine signal 
signal that is sent and received by the same or similar nearby cells 


cell-surface receptor 
cell-surface protein that transmits a signal from the exterior of the cell 
to the interior, even though the ligand does not enter the cell 


chemical synapse 
small space between axon terminals and dendrites of nerve cells where 
neurotransmitters function 


endocrine cell 
cell that releases ligands involved in endocrine signaling (hormones) 


endocrine signal 
long-distance signal that is delivered by ligands (hormones) traveling 
through an organisms circulatory system from the signaling cell to the 


target cell 


enzyme-linked receptor 
cell-surface receptor with intracellular domains that are associated 
with membrane-bound enzymes 


extracellular domain 
region of a cell-surface receptor that is located on the cell surface 


G-protein-linked receptor 
cell-surface receptor that activates membrane-bound G-proteins to 
transmit a signal from the receptor to nearby membrane components 


intercellular signaling 
communication between cells 


internal receptor 
(also, intracellular receptor) receptor protein that is located in the 
cytosol of a cell and binds to ligands that pass through the plasma 
membrane 


intracellular mediator 
(also, second messenger) small molecule that transmits signals within 
a cell 


intracellular signaling 
communication within cells 


ion channel-linked receptor 
cell-surface receptor that forms a plasma membrane channel, which 
opens when a ligand binds to the extracellular domain (ligand-gated 
channels) 


ligand 
molecule produced by a signaling cell that binds with a specific 


receptor, delivering a signal in the process 


neurotransmitter 


chemical ligand that carries a signal from one nerve cell to the next 


paracrine signal 
signal between nearby cells that is delivered by ligands traveling in the 
liquid medium in the space between the cells 


receptor 
protein in or on a target cell that bind to ligands 


signaling cell 
cell that releases signal molecules that allow communication with 
another cell 


synaptic signal 
chemical signal (neurotransmitter) that travels between nerve cells 


target cell 
cell that has a receptor for a signal or ligand from a signaling cell 


Propagation of the Signal 
By the end of this section, you will be able to: 


e Explain how the binding of a ligand initiates signal transduction 
throughout a cell 

e Recognize the role of phosphorylation in the transmission of 
intracellular signals 

e Evaluate the role of second messengers in signal transmission 


Once a ligand binds to a receptor, the signal is transmitted through the 
membrane and into the cytoplasm. Continuation of a signal in this manner 
is called signal transduction. Signal transduction only occurs with cell- 
surface receptors because internal receptors are able to interact directly with 
DNA in the nucleus to initiate protein synthesis. 


When a ligand binds to its receptor, conformational changes occur that 
affect the receptor’s intracellular domain. Conformational changes of the 
extracellular domain upon ligand binding can propagate through the 
membrane region of the receptor and lead to activation of the intracellular 
domain or its associated proteins. In some cases, binding of the ligand 
causes dimerization of the receptor, which means that two receptors bind 
to each other to form a stable complex called a dimer. A dimer is a 
chemical compound formed when two molecules (often identical) join 
together. The binding of the receptors in this manner enables their 
intracellular domains to come into close contact and activate each other. 


Binding Initiates a Signaling Pathway 


After the ligand binds to the cell-surface receptor, the activation of the 
receptor’s intracellular components sets off a chain of events that is called a 
signaling pathway or a signaling cascade. In a signaling pathway, second 
messengers, enzymes, and activated proteins interact with specific proteins, 
which are in turn activated in a chain reaction that eventually leads to a 
change in the cell’s environment ({link]). The events in the cascade occur in 
a series, much like a current flows in a river. Interactions that occur before a 
certain point are defined as upstream events, and events after that point are 
called downstream events. 


Note: 


Art Connection 
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A protein 
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ERK, a MAP 
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Stimulates: 

cell proliferation 

cell migration and adhesion 
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vessels) 


Inhibits: 
apoptosis 


The epidermal growth factor 
(EGF) receptor (EGFR) is a 
receptor tyrosine kinase 
involved in the regulation of 
cell growth, wound healing, 
and tissue repair. When EGF 
binds to the EGFR, a cascade 
of downstream events causes 
the cell to grow and divide. If 
EGFR is activated at 


inappropriate times, 
uncontrolled cell growth 
(cancer) may occur. 


In certain cancers, the GTPase activity of the RAS G-protein is inhibited. 
This means that the RAS protein can no longer hydrolyze GTP into GDP. 
What effect would this have on downstream cellular events? 


Signaling pathways can get very complicated very quickly because most 
cellular proteins can affect different downstream events, depending on the 
conditions within the cell. A single pathway can branch off toward different 
endpoints based on the interplay between two or more signaling pathways, 
and the same ligands are often used to initiate different signals in different 
cell types. This variation in response is due to differences in protein 
expression in different cell types. Another complicating element is signal 
integration of the pathways, in which signals from two or more different 
cell-surface receptors merge to activate the same response in the cell. This 
process can ensure that multiple external requirements are met before a cell 
commits to a specific response. 


The effects of extracellular signals can also be amplified by enzymatic 
cascades. At the initiation of the signal, a single ligand binds to a single 
receptor. However, activation of a receptor-linked enzyme can activate 
many copies of a component of the signaling cascade, which amplifies the 
signal. 


Methods of Intracellular Signaling 


The induction of a signaling pathway depends on the modification of a 
cellular component by an enzyme. There are numerous enzymatic 
modifications that can occur, and they are recognized in turn by the next 
component downstream. The following are some of the more common 
events in intracellular signaling. 


Note: 
Link to Learning 
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Observe an animation of cell signaling at this site. 


Phosphorylation 


One of the most common chemical modifications that occurs in signaling 
pathways is the addition of a phosphate group (PO,-°) to a molecule such as 
a protein in a process called phosphorylation. The phosphate can be added 
to a nucleotide such as GMP to form GDP or GTP. Phosphates are also 
often added to serine, threonine, and tyrosine residues of proteins, where 
they replace the hydroxyl group of the amino acid ([link]). The transfer of 
the phosphate is catalyzed by an enzyme called a kinase. Various kinases 
are named for the substrate they phosphorylate. Phosphorylation of serine 
and threonine residues often activates enzymes. Phosphorylation of tyrosine 
residues can either affect the activity of an enzyme or create a binding site 
that interacts with downstream components in the signaling cascade. 
Phosphorylation may activate or inactivate enzymes, and the reversal of 
phosphorylation, dephosphorylation by a phosphatase, will reverse the 
effect. 


ae (0) — fl — OH 
Sy ie 
R R 
Phosphoserine Phosphothreonine 
ia 
O=—P—-OH 


Phosphotyrosine 


In protein phosphorylation, a 
phosphate group (PO, ) is 
added to residues of the 
amino acids serine, threonine, 
and tyrosine. 


Second Messengers 


Second messengers are small molecules that propagate a signal after it has 
been initiated by the binding of the signaling molecule to the receptor. 
These molecules help to spread a signal through the cytoplasm by altering 
the behavior of certain cellular proteins. 


Calcium ion is a widely used second messenger. The free concentration of 
calcium ions (Ca**) within a cell is very low because ion pumps in the 
plasma membrane continuously use adenosine-5'-triphosphate (ATP) to 
remove it. For signaling purposes, Ca?* is stored in cytoplasmic vesicles, 
such as the endoplasmic reticulum, or accessed from outside the cell. When 
signaling occurs, ligand-gated calcium ion channels allow the higher levels 


of Ca** that are present outside the cell (or in intracellular storage 
compartments) to flow into the cytoplasm, which raises the concentration of 
cytoplasmic Ca**. The response to the increase in Ca** varies, depending 
on the cell type involved. For example, in the B-cells of the pancreas, Ca?* 
signaling leads to the release of insulin, and in muscle cells, an increase in 
Ca** leads to muscle contractions. 


Another second messenger utilized in many different cell types is cyclic 
AMP (cAMP). Cyclic AMP is synthesized by the enzyme adenylyl cyclase 
from ATP ([link]). The main role of cAMP in cells is to bind to and activate 
an enzyme called cAMP-dependent kinase (A-kinase). A-kinase regulates 
many vital metabolic pathways: It phosphorylates serine and threonine 
residues of its target proteins, activating them in the process. A-kinase is 
found in many different types of cells, and the target proteins in each kind 
of cell are different. Differences give rise to the variation of the responses to 
cAMP in different cells. 
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This diagram shows the mechanism for the 
formation of cyclic AMP (cAMP). cAMP serves 
as a second messenger to activate or inactivate 
proteins within the cell. Termination of the signal 
occurs when an enzyme called phosphodiesterase 
converts CAMP into AMP. 


Present in small concentrations in the plasma membrane, inositol 
phospholipids are lipids that can also be converted into second messengers. 
Because these molecules are membrane components, they are located near 
membrane-bound receptors and can easily interact with them. 
Phosphatidylinositol (PI) is the main phospholipid that plays a role in 
cellular signaling. Enzymes known as kinases phosphorylate PI to form PI- 
phosphate (PIP) and PI-bisphosphate (PIP>). 


The enzyme phospholipase C cleaves PIP> to form diacylglycerol (DAG) 
and inositol triphosphate (IP 3) ({link]). These products of the cleavage of 
PIP, serve as second messengers. Diacylglycerol (DAG) remains in the 
plasma membrane and activates protein kinase C (PKC), which then 
phosphorylates serine and threonine residues in its target proteins. IP3 
diffuses into the cytoplasm and binds to ligand-gated calcium channels in 
the endoplasmic reticulum to release Ca** that continues the signal cascade. 
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The enzyme phospholipase C breaks down 
PIP, into IP3 and DAG, both of which serve 


as second messengers. 


Section Summary 


Ligand binding to the receptor allows for signal transduction through the 
cell. The chain of events that conveys the signal through the cell is called a 
signaling pathway or cascade. Signaling pathways are often very complex 
because of the interplay between different proteins. A major component of 
cell signaling cascades is the phosphorylation of molecules by enzymes 
known as kinases. Phosphorylation adds a phosphate group to serine, 
threonine, and tyrosine residues in a protein, changing their shapes, and 
activating or inactivating the protein. Small molecules like nucleotides can 
also be phosphorylated. Second messengers are small, non-protein 
molecules that are used to transmit a signal within a cell. Some examples of 
second messengers are calcium ions (Ca?*), cyclic AMP (cAMP), 
diacylglycerol (DAG), and inositol triphosphate (IP3). 


Art Connections 


Exercise: 


Problem: 


[link] In certain cancers, the GTPase activity of the RAS G-protein is 
inhibited. This means that the RAS protein can no longer hydrolyze 
GTP into GDP. What effect would this have on downstream cellular 
events? 


Solution: 
[link] ERK would become permanently activated, resulting in cell 


proliferation, migration, adhesion, and the growth of new blood 
vessels. Apoptosis would be inhibited. 


Review Questions 


Exercise: 


Problem: Where do DAG and IP3 originate? 


a. They are formed by phosphorylation of cAMP. 

b. They are ligands expressed by signaling cells. 

c. They are hormones that diffuse through the plasma membrane to 
stimulate protein production. 

d. They are the cleavage products of the inositol phospholipid, PIP». 


Solution: 


D 
Exercise: 


Problem: 


What property enables the residues of the amino acids serine, 
threonine, and tyrosine to be phosphorylated? 


a. They are polar. 

b. They are non-polar. 

c. They contain a hydroxyl group. 

d. They occur more frequently in the amino acid sequence of 
signaling proteins. 


Solution: 


C 


Free Response 


Exercise: 


Problem: 


The same second messengers are used in many different cells, but the 
response to second messengers is different in each cell. How is this 
possible? 


Solution: 


Different cells produce different proteins, including cell-surface 
receptors and signaling pathway components. Therefore, they respond 
to different ligands, and the second messengers activate different 
pathways. Signal integration can also change the end result of 
signaling. 


Exercise: 


Problem: 


What would happen if the intracellular domain of a cell-surface 
receptor was switched with the domain from another receptor? 


Solution: 


The binding of the ligand to the extracellular domain would activate 
the pathway normally activated by the receptor donating the 
intracellular domain. 


Glossary 


cyclic AMP (cAMP) 
second messenger that is derived from ATP 


cyclic AMP-dependent kinase 
(also, protein kinase A, or PKA) kinase that is activated by binding to 
cAMP 


diacylglycerol (DAG) 


cleavage product of PIP, that is used for signaling within the plasma 
membrane 


dimer 
chemical compound formed when two molecules join together 


dimerization 
(of receptor proteins) interaction of two receptor proteins to form a 
functional complex called a dimer 


inositol phospholipid 
lipid present at small concentrations in the plasma membrane that is 
converted into a second messenger; it has inositol (a carbohydrate) as 
its hydrophilic head group 


inositol triphosphate (IP3) 
cleavage product of PIP, that is used for signaling within the cell 


kinase 
enzyme that catalyzes the transfer of a phosphate group from ATP to 
another molecule 


second messenger 
small, non-protein molecule that propagates a signal within the cell 
after activation of a receptor causes its release 


signal integration 
interaction of signals from two or more different cell-surface receptors 
that merge to activate the same response in the cell 


signal transduction 
propagation of the signal through the cytoplasm (and sometimes also 
the nucleus) of the cell 


signaling pathway 
(also signaling cascade) chain of events that occurs in the cytoplasm of 
the cell to propagate the signal from the plasma membrane to produce 
a response 


Response to the Signal 
By the end of this section, you will be able to: 


e Describe how signaling pathways direct protein expression, cellular 
metabolism, and cell growth 

e Identify the function of PKC in signal transduction pathways 

e Recognize the role of apoptosis in the development and maintenance 
of a healthy organism 


Inside the cell, ligands bind to their internal receptors, allowing them to 
directly affect the cell’s DNA and protein-producing machinery. Using 
signal transduction pathways, receptors in the plasma membrane produce a 
variety of effects on the cell. The results of signaling pathways are 
extremely varied and depend on the type of cell involved as well as the 
external and internal conditions. A small sampling of responses is described 
below. 


Gene Expression 


Some signal transduction pathways regulate the transcription of RNA. 
Others regulate the translation of proteins from mRNA. An example of a 
protein that regulates translation in the nucleus is the MAP kinase ERK. 
ERK is activated in a phosphorylation cascade when epidermal growth 
factor (EGF) binds the EGF receptor (see [link]). Upon phosphorylation, 
ERK enters the nucleus and activates a protein kinase that, in turn, regulates 
protein translation ({link]). 


The MAP kinase ERK 
phosphorylates MNK1. 
MNK1 in turn 
phosphorylates elF-4E, 
which is associated 
with MRNA. The mRNA 
unfolds and protein 
sythesis begins. 


es 
Protein synthesis 


ERK is a MAP kinase that 
activates translation when it is 
phosphorylated. ERK 
phosphorylates MNK1, which in 
turn phosphorylates eIF-4E, an 
elongation initiation factor that, 
with other initiation factors, is 
associated with mRNA. When 
eIF-4E becomes phosphorylated, 
the mRNA unfolds, allowing 
protein synthesis in the nucleus to 
begin. (See [link] for the 
phosphorylation pathway that 
activates ERK.) 


The second kind of protein with which PKC can interact is a protein that 
acts as an inhibitor. An inhibitor is a molecule that binds to a protein and 
prevents it from functioning or reduces its function. In this case, the 


inhibitor is a protein called Ik-B, which binds to the regulatory protein NF- 
kB. (The symbol k represents the Greek letter kappa.) When Ik-B is bound 
to NF-«B, the complex cannot enter the nucleus of the cell, but when Ik-B 
is phosphorylated by PKC, it can no longer bind NF-«B, and NF-x«B (a 
transcription factor) can enter the nucleus and initiate RNA transcription. In 
this case, the effect of phosphorylation is to inactivate an inhibitor and 
thereby activate the process of transcription. 


Increase in Cellular Metabolism 


The result of another signaling pathway affects muscle cells. The activation 
of $-adrenergic receptors in muscle cells by adrenaline leads to an increase 
in cyclic AMP (cAMP) inside the cell. Also known as epinephrine, 
adrenaline is a hormone (produced by the adrenal gland attached to the 
kidney) that readies the body for short-term emergencies. Cyclic AMP 
activates PKA (protein kinase A), which in turn phosphorylates two 
enzymes. The first enzyme promotes the degradation of glycogen by 
activating intermediate glycogen phosphorylase kinase (GPK) that in turn 
activates glycogen phosphorylase (GP) that catabolizes glycogen into 
glucose. (Recall that your body converts excess glucose to glycogen for 
short-term storage. When energy is needed, glycogen is quickly reconverted 
to glucose.) Phosphorylation of the second enzyme, glycogen synthase 
(GS), inhibits its ability to form glycogen from glucose. In this manner, a 
muscle cell obtains a ready pool of glucose by activating its formation via 
glycogen degradation and by inhibiting the use of glucose to form 
glycogen, thus preventing a futile cycle of glycogen degradation and 
synthesis. The glucose is then available for use by the muscle cell in 
response to a sudden surge of adrenaline—the “fight or flight” reflex. 


Cell Growth 


Cell signaling pathways also play a major role in cell division. Cells do not 
normally divide unless they are stimulated by signals from other cells. The 
ligands that promote cell growth are called growth factors. Most growth 
factors bind to cell-surface receptors that are linked to tyrosine kinases. 
These cell-surface receptors are called receptor tyrosine kinases (RTKs). 


Activation of RTKs initiates a signaling pathway that includes a G-protein 
called RAS, which activates the MAP kinase pathway described earlier. The 
enzyme MAP kinase then stimulates the expression of proteins that interact 
with other cellular components to initiate cell division. 


Note: 

Career Connection 

Cancer Biologist 

Cancer biologists study the molecular origins of cancer with the goal of 
developing new prevention methods and treatment strategies that will 
inhibit the growth of tumors without harming the normal cells of the body. 
As mentioned earlier, signaling pathways control cell growth. These 
signaling pathways are controlled by signaling proteins, which are, in turn, 
expressed by genes. Mutations in these genes can result in malfunctioning 
signaling proteins. This prevents the cell from regulating its cell cycle, 
triggering unrestricted cell division and cancer. The genes that regulate the 
signaling proteins are one type of oncogene which is a gene that has the 
potential to cause cancer. The gene encoding RAS is an oncogene that was 
originally discovered when mutations in the RAS protein were linked to 
cancer. Further studies have indicated that 30 percent of cancer cells have a 
mutation in the RAS gene that leads to uncontrolled growth. If left 
unchecked, uncontrolled cell division can lead tumor formation and 
metastasis, the growth of cancer cells in new locations in the body. 

Cancer biologists have been able to identify many other oncogenes that 
contribute to the development of cancer. For example, HER2 is a cell- 
surface receptor that is present in excessive amounts in 20 percent of 
human breast cancers. Cancer biologists realized that gene duplication led 
to HER2 overexpression in 25 percent of breast cancer patients and 
developed a drug called Herceptin (trastuzumab). Herceptin is a 
monoclonal antibody that targets HER2 for removal by the immune 
system. Herceptin therapy helps to control signaling through HER2. The 
use of Herceptin in combination with chemotherapy has helped to increase 
the overall survival rate of patients with metastatic breast cancer. 

More information on cancer biology research can be found at the National 
Cancer Institute website 


(http://www.cancer. gov/cancertopics/understandingcancer/targetedtherapie 


S). 


Cell Death 


When a cell is damaged, superfluous, or potentially dangerous to an 
organism, a cell can initiate a mechanism to trigger programmed cell death, 
or apoptosis. Apoptosis allows a cell to die in a controlled manner that 
prevents the release of potentially damaging molecules from inside the cell. 
There are many internal checkpoints that monitor a cell’s health; if 
abnormalities are observed, a cell can spontaneously initiate the process of 
apoptosis. However, in some cases, such as a viral infection or uncontrolled 
cell division due to cancer, the cell’s normal checks and balances fail. 
External signaling can also initiate apoptosis. For example, most normal 
animal cells have receptors that interact with the extracellular matrix, a 
network of glycoproteins that provides structural support for cells in an 
organism. The binding of cellular receptors to the extracellular matrix 
initiates a signaling cascade within the cell. However, if the cell moves 
away from the extracellular matrix, the signaling ceases, and the cell 
undergoes apoptosis. This system keeps cells from traveling through the 
body and proliferating out of control, as happens with tumor cells that 
metastasize. 


Another example of external signaling that leads to apoptosis occurs in T- 
cell development. T-cells are immune cells that bind to foreign 
macromolecules and particles, and target them for destruction by the 
immune system. Normally, T-cells do not target “self” proteins (those of 
their own organism), a process that can lead to autoimmune diseases. In 
order to develop the ability to discriminate between self and non-self, 
immature T-cells undergo screening to determine whether they bind to so- 
called self proteins. If the T-cell receptor binds to self proteins, the cell 
initiates apoptosis to remove the potentially dangerous cell. 


Apoptosis is also essential for normal embryological development. In 
vertebrates, for example, early stages of development include the formation 
of web-like tissue between individual fingers and toes ([link]). During the 


course of normal development, these unneeded cells must be eliminated, 
enabling fully separated fingers and toes to form. A cell signaling 
mechanism triggers apoptosis, which destroys the cells between the 
developing digits. 


The histological 
section of a foot of 
a 15-day-old mouse 
embryo, visualized 

using light 
microscopy, reveals 

areas of tissue 
between the toes, 
which apoptosis 

will eliminate 
before the mouse 

reaches its full 
gestational age at 

27 days. (credit: 

modification of 


work by Michal 
Manas) 


Termination of the Signal Cascade 


The aberrant signaling often seen in tumor cells is proof that the termination 
of a signal at the appropriate time can be just as important as the initiation 
of a signal. One method of stopping a specific signal is to degrade the 
ligand or remove it so that it can no longer access its receptor. One reason 
that hydrophobic hormones like estrogen and testosterone trigger long- 
lasting events is because they bind carrier proteins. These proteins allow the 
insoluble molecules to be soluble in blood, but they also protect the 
hormones from degradation by circulating enzymes. 


Inside the cell, many different enzymes reverse the cellular modifications 
that result from signaling cascades. For example, phosphatases are 
enzymes that remove the phosphate group attached to proteins by kinases in 
a process called dephosphorylation. Cyclic AMP (cAMP) is degraded into 
AMP by phosphodiesterase, and the release of calcium stores is reversed 
by the Ca** pumps that are located in the external and internal membranes 
of the cell. 


Section Summary 


The initiation of a signaling pathway is a response to external stimuli. This 
response can take many different forms, including protein synthesis, a 
change in the cell’s metabolism, cell growth, or even cell death. Many 
pathways influence the cell by initiating gene expression, and the methods 
utilized are quite numerous. Some pathways activate enzymes that interact 
with DNA transcription factors. Others modify proteins and induce them to 
change their location in the cell. Depending on the status of the organism, 
cells can respond by storing energy as glycogen or fat, or making it 
available in the form of glucose. A signal transduction pathway allows 
muscle cells to respond to immediate requirements for energy in the form of 
glucose. Cell growth is almost always stimulated by external signals called 
growth factors. Uncontrolled cell growth leads to cancer, and mutations in 


the genes encoding protein components of signaling pathways are often 
found in tumor cells. Programmed cell death, or apoptosis, is important for 
removing damaged or unnecessary cells. The use of cellular signaling to 
organize the dismantling of a cell ensures that harmful molecules from the 
cytoplasm are not released into the spaces between cells, as they are in 
uncontrolled death, necrosis. Apoptosis also ensures the efficient recycling 
of the components of the dead cell. Termination of the cellular signaling 
cascade is very important so that the response to a signal is appropriate in 
both timing and intensity. Degradation of signaling molecules and 
dephosphorylation of phosphorylated intermediates of the pathway by 
phosphatases are two ways to terminate signals within the cell. 


Review Questions 


Exercise: 


Problem: What is the function of a phosphatase? 


a. A phosphatase removes phosphorylated amino acids from 
proteins. 

b. A phosphatase removes the phosphate group from phosphorylated 
amino acid residues in a protein. 

c. A phosphatase phosphorylates serine, threonine, and tyrosine 
residues. 

d. A phosphatase degrades second messengers in the cell. 


Solution: 
B 
Exercise: 
Problem:How does NF-kB induce gene expression? 


a. A small, hydrophobic ligand binds to NF-«B, activating it. 


b. Phosphorylation of the inhibitor Ik-B dissociates the complex 
between it and NF-«B, and allows NF-«B to enter the nucleus and 
stimulate transcription. 

c. NF-«B is phosphorylated and is then free to enter the nucleus and 
bind DNA. 

d. NF-«B is a kinase that phosphorylates a transcription factor that 
binds DNA and promotes protein production. 


Solution: 


B 
Exercise: 


Problem: 
Apoptosis can occur in a cell when the cell is 


a. damaged 

b. no longer needed 
c. infected by a virus 
d. all of the above 


Solution: 
D 
Exercise: 
Problem: What is the effect of an inhibitor binding an enzyme? 
a. The enzyme is degraded. 
b. The enzyme is activated. 


c. The enzyme is inactivated. 
d. The complex is transported out of the cell. 


Solution: 


Free Response 


Exercise: 
Problem: 


What is a possible result of a mutation in a kinase that controls a 
pathway that stimulates cell growth? 


Solution: 


If a kinase is mutated so that it is always activated, it will continuously 
signal through the pathway and lead to uncontrolled growth and 
possibly cancer. If a kinase is mutated so that it cannot function, the 
cell will not respond to ligand binding. 


Exercise: 


Problem: 


How does the extracellular matrix control the growth of cells? 
Solution: 


Receptors on the cell surface must be in contact with the extracellular 
matrix in order to receive positive signals that allow the cell to live. If 
the receptors are not activated by binding, the cell will undergo 
apoptosis. This ensures that cells are in the correct place in the body 
and helps to prevent invasive cell growth as occurs in metastasis in 
cancer. 


Glossary 


apoptosis 
programmed cell death 


growth factor 
ligand that binds to cell-surface receptors and stimulates cell growth 


inhibitor 
molecule that binds to a protein (usually an enzyme) and keeps it from 
functioning 


phosphatase 
enzyme that removes the phosphate group from a molecule that has 
been previously phosphorylated 


phosphodiesterase 
enzyme that degrades cAMP, producing AMP, to terminate signaling 


Regulation of Gene Expression 
By the end of this section, you will be able to: 


e Discuss why every cell does not express all of its genes 

e Describe how prokaryotic gene regulation occurs at the transcriptional 
level 

e Discuss how eukaryotic gene regulation occurs at the epigenetic, 
transcriptional, post-transcriptional, translational, and post- 
translational levels 


For a cell to function properly, necessary proteins must be synthesized at 
the proper time. All cells control or regulate the synthesis of proteins from 
information encoded in their DNA. The process of turning on a gene to 
produce RNA and protein is called gene expression. Whether in a simple 
unicellular organism or a complex multi-cellular organism, each cell 
controls when and how its genes are expressed. For this to occur, there must 
be a mechanism to control when a gene is expressed to make RNA and 
protein, how much of the protein is made, and when it is time to stop 
making that protein because it is no longer needed. 


The regulation of gene expression conserves energy and space. It would 
require a significant amount of energy for an organism to express every 
gene at all times, so it is more energy efficient to turn on the genes only 
when they are required. In addition, only expressing a subset of genes in 
each cell saves space because DNA must be unwound from its tightly 
coiled structure to transcribe and translate the DNA. Cells would have to be 
enormous if every protein were expressed in every cell all the time. 


The control of gene expression is extremely complex. Malfunctions in this 
process are detrimental to the cell and can lead to the development of many 
diseases, including cancer. 


Prokaryotic versus Eukaryotic Gene Expression 


To understand how gene expression is regulated, we must first understand 
how a gene codes for a functional protein in a cell. The process occurs in 
both prokaryotic and eukaryotic cells, just in slightly different manners. 


Prokaryotic organisms are single-celled organisms that lack a cell nucleus, 
and their DNA therefore floats freely in the cell cytoplasm. To synthesize a 
protein, the processes of transcription and translation occur almost 
simultaneously. When the resulting protein is no longer needed, 
transcription stops. As a result, the primary method to control what type of 
protein and how much of each protein is expressed in a prokaryotic cell is 
the regulation of DNA transcription. All of the subsequent steps occur 
automatically. When more protein is required, more transcription occurs. 
Therefore, in prokaryotic cells, the control of gene expression is mostly at 
the transcriptional level. 


Eukaryotic cells, in contrast, have intracellular organelles that add to their 
complexity. In eukaryotic cells, the DNA is contained inside the cell’s 
nucleus and there it is transcribed into RNA. The newly synthesized RNA is 
then transported out of the nucleus into the cytoplasm, where ribosomes 
translate the RNA into protein. The processes of transcription and 
translation are physically separated by the nuclear membrane; transcription 
occurs only within the nucleus, and translation occurs only outside the 
nucleus in the cytoplasm. The regulation of gene expression can occur at all 
stages of the process ({link]). Regulation may occur when the DNA is 
uncoiled and loosened from nucleosomes to bind transcription factors 
(epigenetic level), when the RNA is transcribed (transcriptional level), 
when the RNA is processed and exported to the cytoplasm after it is 
transcribed (post-transcriptional level), when the RNA is translated into 
protein (translational level), or after the protein has been made (post- 
translational level). 
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(a) Prokaryote Ribosomes 


Prokaryotic transcription and translation occur simultaneously 
in the cytoplasm, and regulation occurs at the transcriptional 
level. Eukaryotic gene expression is regulated during 
transcription and RNA processing, which take place in the 
nucleus, and during protein translation, which takes place in 
the cytoplasm. Further regulation may occur through post- 
translational modifications of proteins. 


The differences in the regulation of gene expression between prokaryotes 
and eukaryotes are summarized in [link]. The regulation of gene expression 
is discussed in detail in subsequent modules. 


Differences in the Regulation of Gene Expression of Prokaryotic 
and Eukaryotic Organisms 


Prokaryotic 
organisms Eukaryotic organisms 


Lack nucleus Contain nucleus 


Differences in the Regulation of Gene Expression of Prokaryotic 
and Eukaryotic Organisms 


Prokaryotic 
organisms Eukaryotic organisms 


DNA is found in DNA is confined to the nuclear compartment 
the cytoplasm 

RNA transcription 
and protein 
formation occur 
almost 
simultaneously 


RNA transcription occurs prior to protein 
formation, and it takes place in the nucleus. 
Translation of RNA to protein occurs in the 
cytoplasm. 


Gene expression is 


regulated primarily Gene expression is regulated at many levels 


(epigenetic, transcriptional, nuclear 


h ae 
Seg bos shuttling, post-transcriptional, translational, 
transcriptional ‘ 

and post-translational) 
level 
Note: 


Evolution Connection 

Evolution of Gene Regulation 

Prokaryotic cells can only regulate gene expression by controlling the 
amount of transcription. As eukaryotic cells evolved, the complexity of the 
control of gene expression increased. For example, with the evolution of 
eukaryotic cells came compartmentalization of important cellular 
components and cellular processes. A nuclear region that contains the 
DNA was formed. Transcription and translation were physically separated 
into two different cellular compartments. It therefore became possible to 
control gene expression by regulating transcription in the nucleus, and also 
by controlling the RNA levels and protein translation present outside the 
nucleus. 


Some cellular processes arose from the need of the organism to defend 
itself. Cellular processes such as gene silencing developed to protect the 
cell from viral or parasitic infections. If the cell could quickly shut off gene 
expression for a short period of time, it would be able to survive an 
infection when other organisms could not. Therefore, the organism evolved 
a new process that helped it survive, and it was able to pass this new 
development to offspring. 


Section Summary 


While all somatic cells within an organism contain the same DNA, not all 
cells within that organism express the same proteins. Prokaryotic organisms 
express the entire DNA they encode in every cell, but not necessarily all at 
the same time. Proteins are expressed only when they are needed. 
Eukaryotic organisms express a subset of the DNA that is encoded in any 
given cell. In each cell type, the type and amount of protein is regulated by 
controlling gene expression. To express a protein, the DNA is first 
transcribed into RNA, which is then translated into proteins. In prokaryotic 
cells, these processes occur almost simultaneously. In eukaryotic cells, 
transcription occurs in the nucleus and is separate from the translation that 
occurs in the cytoplasm. Gene expression in prokaryotes is mostly regulated 
at the transcriptional level (some epigenetic and post-translational 
regulation is also present), whereas in eukaryotic cells, gene expression is 
regulated at the epigenetic, transcriptional, post-transcriptional, 
translational, and post-translational levels. 


Review Questions 


Exercise: 


Problem: 


Control of gene expression in eukaryotic cells occurs at which 
level(s)? 


a. only the transcriptional level 


b. epigenetic and transcriptional levels 

c. epigenetic, transcriptional, and translational levels 

d. epigenetic, transcriptional, post-transcriptional, translational, and 
post-translational levels 


Solution: 
D 
Exercise: 
Problem: Post-translational control refers to: 


a. regulation of gene expression after transcription 
b. regulation of gene expression after translation 
c. control of epigenetic activation 

d. period between transcription and translation 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


Name two differences between prokaryotic and eukaryotic cells and 
how these differences benefit multicellular organisms. 


Solution: 


Eukaryotic cells have a nucleus, whereas prokaryotic cells do not. In 
eukaryotic cells, DNA is confined within the nuclear region. Because 
of this, transcription and translation are physically separated. This 


creates a more complex mechanism for the control of gene expression 
that benefits multicellular organisms because it compartmentalizes 
gene regulation. 


Gene expression occurs at many stages in eukaryotic cells, whereas in 
prokaryotic cells, control of gene expression only occurs at the 
transcriptional level. This allows for greater control of gene expression 
in eukaryotes and more complex systems to be developed. Because of 
this, different cell types can arise in an individual organism. 


Exercise: 


Problem: 


Describe how controlling gene expression will alter the overall protein 
levels in the cell. 


Solution: 


The cell controls which proteins are expressed and to what level each 
protein is expressed in the cell. Prokaryotic cells alter the transcription 
rate to turn genes on or off. This method will increase or decrease 
protein levels in response to what is needed by the cell. Eukaryotic 
cells change the accessibility (epigenetic), transcription, or translation 
of a gene. This will alter the amount of RNA and the lifespan of the 
RNA to alter the amount of protein that exists. Eukaryotic cells also 
control protein translation to increase or decrease the overall levels. 
Eukaryotic organisms are much more complex and can manipulate 
protein levels by changing many stages in the process. 


Glossary 


epigenetic 
heritable changes that do not involve changes in the DNA sequence 


gene expression 
processes that control the turning on or turning off of a gene 


post-transcriptional 
control of gene expression after the RNA molecule has been created 
but before it is translated into protein 


post-translational 
control of gene expression after a protein has been created 


DNA Repair 
By the end of this section, you will be able to: 


e Discuss the different types of mutations in DNA 
e Explain DNA repair mechanisms 


DNA replication is a highly accurate process, but mistakes can occasionally 
occur, such as a DNA polymerase inserting a wrong base. Uncorrected 
mistakes may sometimes lead to serious consequences, such as cancer. 
Repair mechanisms correct the mistakes. In rare cases, mistakes are not 
corrected, leading to mutations; in other cases, repair enzymes are 
themselves mutated or defective. 


Most of the mistakes during DNA replication are promptly corrected by 
DNA polymerase by proofreading the base that has been just added ((Link]). 
In proofreading, the DNA pol reads the newly added base before adding 
the next one, so a correction can be made. The polymerase checks whether 
the newly added base has paired correctly with the base in the template 
strand. If it is the right base, the next nucleotide is added. If an incorrect 
base has been added, the enzyme makes a cut at the phosphodiester bond 
and releases the wrong nucleotide. This is performed by the exonuclease 
action of DNA pol III. Once the incorrect nucleotide has been removed, a 
new one will be added again. 
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DNA polymerase 


Proofreading by DNA polymerase 
corrects errors during replication. 


Some errors are not corrected during replication, but are instead corrected 
after replication is completed; this type of repair is known as mismatch 
repair ({link]). The enzymes recognize the incorrectly added nucleotide and 


excise it; this is then replaced by the correct base. If this remains 
uncorrected, it may lead to more permanent damage. How do mismatch 
repair enzymes recognize which of the two bases is the incorrect one? In E. 
coli, after replication, the nitrogenous base adenine acquires a methyl 
group; the parental DNA strand will have methyl groups, whereas the 
newly synthesized strand lacks them. Thus, DNA polymerase is able to 
remove the wrongly incorporated bases from the newly synthesized, non- 
methylated strand. In eukaryotes, the mechanism is not very well 
understood, but it is believed to involve recognition of unsealed nicks in the 
new strand, as well as a short-term continuing association of some of the 
replication proteins with the new daughter strand after replication has 
completed. 
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In mismatch repair, the 
incorrectly added base is 
detected after replication. 

The mismatch repair 
proteins detect this base 
and remove it from the 
newly synthesized strand 
by nuclease action. The 
gap is now filled with the 
correctly paired base. 


In another type of repair mechanism, nucleotide excision repair, enzymes 
replace incorrect bases by making a cut on both the 3' and 5' ends of the 
incorrect base ({link]). The segment of DNA is removed and replaced with 
the correctly paired nucleotides by the action of DNA pol. Once the bases 
are filled in, the remaining gap is sealed with a phosphodiester linkage 
catalyzed by DNA ligase. This repair mechanism is often employed when 
UV exposure causes the formation of pyrimidine dimers. 
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Nucleotide excision 
repairs thymine 
dimers. When 
exposed to UV, 
thymines lying 
adjacent to each 
other can form 
thymine dimers. In 
normal cells, they 
are excised and 
replaced. 


A well-studied example of mistakes not being corrected is seen in people 
suffering from xeroderma pigmentosa ([link]). Affected individuals have 
skin that is highly sensitive to UV rays from the sun. When individuals are 
exposed to UV, pyrimidine dimers, especially those of thymine, are formed; 


people with xeroderma pigmentosa are not able to repair the damage. These 
are not repaired because of a defect in the nucleotide excision repair 
enzymes, whereas in normal individuals, the thymine dimers are excised 
and the defect is corrected. The thymine dimers distort the structure of the 
DNA double helix, and this may cause problems during DNA replication. 
People with xeroderma pigmentosa may have a higher risk of contracting 
skin cancer than those who dont have the condition. 


MA 


Xeroderma pigmentosa is a 
condition in which thymine 
dimerization from exposure to UV 
is not repaired. Exposure to 
sunlight results in skin lesions. 
(credit: James Halpern et al.) 


Errors during DNA replication are not the only reason why mutations arise 
in DNA. Mutations, variations in the nucleotide sequence of a genome, can 
also occur because of damage to DNA. Such mutations may be of two 
types: induced or spontaneous. Induced mutations are those that result 
from an exposure to chemicals, UV rays, x-rays, or some other 
environmental agent. Spontaneous mutations occur without any exposure 
to any environmental agent; they are a result of natural reactions taking 
place within the body. 


Mutations may have a wide range of effects. Some mutations are not 
expressed; these are known as silent mutations. Point mutations are those 
mutations that affect a single base pair. The most common nucleotide 
mutations are substitutions, in which one base is replaced by another. These 
can be of two types, either transitions or transversions. Transition 
substitution refers to a purine or pyrimidine being replaced by a base of the 
same kind; for example, a purine such as adenine may be replaced by the 
purine guanine. Transversion substitution refers to a purine being replaced 
by a pyrimidine, or vice versa; for example, cytosine, a pyrimidine, is 
replaced by adenine, a purine. Mutations can also be the result of the 
addition of a base, known as an insertion, or the removal of a base, also 
known as deletion. Sometimes a piece of DNA from one chromosome may 
get translocated to another chromosome or to another region of the same 
chromosome; this is also known as translocation. These mutation types are 
shown in [link]. 


Note: 
Art Connection 


Point Mutations 
Silent: has no effect on the protein sequence 


Joao 
AGEGTACCETAC mp AGCCTPCCCTAG 


Missense: results in an amino acid substitution 
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AGCGTACCCTAC => AGCGTAAC CCTAC AC 


Nonsense: substitutes a stop codon for an amino acid 
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Frameshift Mutations 


Insertions or deletions of nucleotides may result ina 
shift in the reading frame or insertion of a stop codon. 


Ss i aa 
AGCGTACCCTAC mpm AGCGCCCTACTT 


Mutations can lead to changes in 
the protein sequence encoded by 
the DNA. 


A frameshift mutation that results in the insertion of three nucleotides is 
often less deleterious than a mutation that results in the insertion of one 
nucleotide. Why? 


Mutations in repair genes have been known to cause cancer. Many mutated 
repair genes have been implicated in certain forms of pancreatic cancer, 
colon cancer, and colorectal cancer. Mutations can affect either somatic 
cells or germ cells. If many mutations accumulate in a somatic cell, they 
may lead to problems such as the uncontrolled cell division observed in 
cancer. If a mutation takes place in germ cells, the mutation will be passed 


on to the next generation, as in the case of hemophilia and xeroderma 
pigmentosa. 


Section Summary 


DNA polymerase can make mistakes while adding nucleotides. It edits the 
DNA by proofreading every newly added base. Incorrect bases are removed 
and replaced by the correct base, and then a new base is added. Most 
mistakes are corrected during replication, although when this does not 
happen, the mismatch repair mechanism is employed. Mismatch repair 
enzymes recognize the wrongly incorporated base and excise it from the 
DNA, replacing it with the correct base. In yet another type of repair, 
nucleotide excision repair, the incorrect base is removed along with a few 
bases on the 5' and 3' end, and these are replaced by copying the template 
with the help of DNA polymerase. The ends of the newly synthesized 
fragment are attached to the rest of the DNA using DNA ligase, which 
creates a phosphodiester bond. 


Most mistakes are corrected, and if they are not, they may result in a 
mutation defined as a permanent change in the DNA sequence. Mutations 
can be of many types, such as substitution, deletion, insertion, and 
translocation. Mutations in repair genes may lead to serious consequences 
such as cancer. Mutations can be induced or may occur spontaneously. 


Art Connections 


Exercise: 


Problem: 
[link] A frameshift mutation that results in the insertion of three 
nucleotides is often less deleterious than a mutation that results in the 


insertion of one nucleotide. Why? 


Solution: 


[link] If three nucleotides are added, one additional amino acid will be 
incorporated into the protein chain, but the reading frame wont shift. 


Review Questions 
Exercise: 
Problem: 


During proofreading, which of the following enzymes reads the DNA? 


a. primase 

b. topoisomerase 
c. DNA pol 

d. helicase 


Solution: 


C 
Exercise: 


Problem: 


The initial mechanism for repairing nucleotide errors in DNA is 


a. mismatch repair 

b. DNA polymerase proofreading 
c. nucleotide excision repair 

d. thymine dimers 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


What is the consequence of mutation of a mismatch repair enzyme? 
How will this affect the function of a gene? 


Solution: 


Mutations are not repaired, as in the case of xeroderma pigmentosa. 
Gene function may be affected or it may not be expressed. 


Glossary 


induced mutation 
mutation that results from exposure to chemicals or environmental 
agents 


mutation 
variation in the nucleotide sequence of a genome 


mismatch repair 
type of repair mechanism in which mismatched bases are removed 
after replication 


nucleotide excision repair 
type of DNA repair mechanism in which the wrong base, along with a 
few nucleotides upstream or downstream, are removed 


proofreading 
function of DNA pol in which it reads the newly added base before 
adding the next one 


point mutation 
mutation that affects a single base 


silent mutation 
mutation that is not expressed 


spontaneous mutation 
mutation that takes place in the cells as a result of chemical reactions 
taking place naturally without exposure to any external agent 


transition substitution 
when a purine is replaced with a purine or a pyrimidine is replaced 
with another pyrimidine 


transversion substitution 
when a purine is replaced by a pyrimidine or a pyrimidine is replaced 
by a purine 


Meiosis 


Introduction 

"T may finally call attention to the probability that the association of the 
paternal and maternal chromosomes in pairs, and their subsequent 
separation during the reducing division as indicated above, may constitute 
the physical basis of the Mendelian law of heredity." Walter S. Sutton, "On 
the Morphology of the Chromosome Group in Brachystola 
magna",Biological Bulletin, 1902, 4:39 


Sutton was one of the biologists (along with Theodor Boveri) who 
discovered that chromosomes correspond to the paired "particles" required 
by Mendel's Laws, and that the number of these chromosomes is halved at 
the time that sperm and egg cells are generated. The Boveri-Sutton 
Chromosome Theory (also known as the Chromosome Theory of 
Inheritance) is one of the important linkages between Mendel and modern 
molecular biology. Sutton was raised on a farm near Russell, Kansas, and 
played basketball under Coach Naismith at the University of Kansas. His 
ground-breaking work was done at Columbia University in New York City. 
So when you study meiosis and heredity, remember that a major part of this 
knowledge came from the work of another biologist from Kansas, Walter 
Sutton, working with grasshoppers (the aforementioned Brachystola 
magna) that are indigenous to the state of Kansas. 
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The process of fertilization produces a dipliod cell by the union of two 
haploid cells. The homologous pairs are based on size and the color 
refers to the maternal and paternal chromosomes. Work by Robbie 
Bear. 


Sexual reproduction requires fertilization, a union of two cells from two 
individual organisms. If those two cells each contain one set of 
chromosomes, then the resulting cell contains two sets of chromosomes. 
The number of sets of chromosomes in a cell is called its ploidy level. 
Haploid (1n) cells contain one set of chromosomes. Cells containing two 
sets of chromosomes are called diploid (2n) ({link]). If the reproductive 
cycle is to continue, the diploid cell must somehow reduce its number of 
chromosome sets before fertilization can occur again, or there will be a 
continual doubling in the number of chromosome sets in every generation. 


So, in addition to fertilization, sexual reproduction includes a nuclear 
division, known as meiosis, that reduces the number of chromosome sets. 


Most animals and plants are diploid, containing two sets of chromosomes; 
in each somatic cell (the nonreproductive cells of a multicellular organism), 
the nucleus contains two copies of each chromosome that are referred to as 
homologous chromosomes ({link]). Somatic cells are sometimes referred 
to as “body” cells. Homologous chromosomes are matched pairs containing 
genes for the same traits in identical locations along their length. Diploid 
organisms inherit one copy of each homologous chromosome from each 
parent; all together, they are considered a full set of chromosomes. In 
animals, haploid cells containing a single copy of each homologous 
chromosome are found only within gametes. Gametes fuse with another 
haploid gamete to produce a diploid cell. 


Diploid (2n) Diploid (2n) 
Germ cell Germ cell 
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chromatids 


The process of DNA replication produces a duplicated chromosome 
with two sister chromatids in each of the homologous pairs. The 


homologous pairs are based on size and the color refers to the maternal 
and paternal chromosomes. Work by Robbie Bear. 


The nuclear division that forms haploid cells, which is called meiosis, is 
related to mitosis. As you have learned, mitosis is part of a cell reproduction 
cycle that results in identical daughter nuclei that are also genetically 
identical to the original parent nucleus. In mitosis, both the parent and the 
daughter nuclei contain the same number of chromosome sets—diploid for 
most plants and animals. Meiosis employs many of the same mechanisms 
as mitosis. However, the starting nucleus is always diploid and the nuclei 
that result at the end of a meiotic cell division are haploid. To achieve the 
reduction in chromosome number, meiosis consists of one round of 
chromosome duplication ([link]) and two rounds of nuclear division. 
Because the events that occur during each of the division stages are 
analogous to the events of mitosis, the same stage names are assigned. 
However, because there are two rounds of division, the stages are 
designated with a “I” or “II.” Thus, meiosis I is the first round of meiotic 
division and consists of prophase I, metaphase I, and so on. Meiosis I 
reduces the number of chromosome sets from two to one. The genetic 
information is also mixed during this division to create unique recombinant 
chromosomes. Meiosis II, in which the second round of meiotic division 
takes place in a way that is similar to mitosis, includes prophase II, 
pmetaphase IJ, and so on ((link]). 
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Meiosis II: Telophase 2 
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Meiosis II: Products 


4 haploid cells = gametes 
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This image illustrates meiosis for a cell with 2 pairs of homologous 
chromosomes. The homologous pairs are based on size and the color 
refers to the maternal and paternal chromosomes. Work by Eva Horne. 


Interphase 


Meiosis is preceded by an interphase consisting of the Gj, S, and Gp phases, 
which are nearly identical to the phases preceding mitosis. The G, phase is 
the first phase of interphase and is focused on cell growth. In the S phase, 
the DNA of the chromosomes is replicated. Finally, in the G» phase, the cell 
undergoes the final preparations for meiosis. 


During DNA duplication of the S phase, each chromosome becomes 
composed of two identical copies (called sister chromatids) that are held 
together at the centromere until they are pulled apart during meiosis II. In 
an animal cell, the centrosomes that organize the microtubules of the 
meiotic spindle also replicate. This prepares the cell for the first meiotic 
phase. 


Meiosis I 


In prophase I, the chromosomes can be seen clearly microscopically. As the 
nuclear envelope begins to break down, the proteins associated with 
homologous chromosomes bring the pair close to each other. The tight 
pairing of the homologous chromosomes is called synapsis. In synapsis, the 
genes on the chromatids of the homologous chromosomes are precisely 
aligned with each other. An exchange of chromosome segments between 
non-sister homologous chromatids occurs and is called crossing over. 


The crossover events are the first source of genetic variation produced by 
meiosis. A single crossover event between homologous non-sister 
chromatids leads to a reciprocal exchange of equivalent DNA between a 
maternal chromosome and a paternal chromosome. Now, when that sister 
chromatid is moved into a gamete, it will carry some DNA from one parent 
of the individual and some DNA from the other parent. The recombinant 
sister chromatid has a combination of maternal and paternal genes that did 
not exist before the crossover. In the next class period, we will explore how 
crossing over and recombinant sister chromatids influence patterns of 
inheritance. 


The key event in metaphase I is the attachment of the spindle fiber 
microtubules to the kinetochore proteins at the centromeres. The 
microtubules assembled from centrosomes at opposite poles of the cell 


grow toward the middle of the cell. The homologous chromosomes are held 
together and form a tetrad. At the end of metaphase I, each tetrad is 
attached to microtubules from both poles, with one homologous 
chromosome attached at one pole and the other homologous chromosome 
attached to the other pole. In addition, the nuclear membrane has broken 
down entirely. 


By the end metaphase I, the homologous chromosomes are arranged in the 
center of the cell with the kinetochores facing opposite poles. The 
orientation of each pair of homologous chromosomes at the center of the 
cell is random. 


This randomness, called independent assortment, is the physical basis for 
the generation of the second form of genetic variation in offspring. Consider 
that the homologous chromosomes of a sexually reproducing organism are 
originally inherited as two separate sets, one from each parent. Using 
humans as an example, one set of 23 chromosomes is present in the egg 
donated by the mother. The father provides the other set of 23 chromosomes 
in the sperm that fertilizes the egg. In metaphase I, these pairs line up at the 
midway point between the two poles of the cell. Because there is an equal 
chance that a microtubule fiber will encounter a maternally or paternally 
inherited chromosome, the arrangement of the tetrads at the metaphase plate 
is random. Any maternally inherited chromosome may face either pole. 
Any paternally inherited chromosome may also face either pole. The 
orientation of each tetrad is independent of the orientation of the other 22 
tetrads. 


In each cell that undergoes meiosis, the arrangement of the tetrads is 
different. The number of variations depends on the number of chromosomes 
making up a set. There are two possibilities for orientation (for each tetrad); 
thus, the possible number of alignments equals 2” where n is the number of 
chromosomes per set. Humans have 23 chromosome pairs, which results in 
over eight million (27) possibilities. This number does not include the 
variability previously created in the sister chromatids by crossover. Given 
these two mechanisms, it is highly unlikely that any two haploid cells 
resulting from meiosis will have the same genetic composition ((Link]). 


To summarize the genetic consequences of meiosis I: the maternal and 
paternal genes are recombined by crossover events occurring on each 
homologous pair during prophase I; in addition, the random assortment of 
tetrads at metaphase produces a unique combination of maternal and 
paternal chromosomes that will make their way into the gametes. 


Possible Chromosome Arrangement | Possible Chromosome Arrangement II 


Meiosis |: Homologous 
chromosomes separate 


Meiosis |: Homologous 
chromosomes separate 


Meiosis II: Sister 
chromatids separate 


Meiosis Il: Sister 
chromatids separate 


This illustration shows that, in a cell with 2 pairs of 
homologous chromosomes, 2 possible arrangements of 
chromosomes in Meiosis I will give rise to 4 different 
kinds of gametes. These are shown at the bottom of the 
figure; although there are 8 total gametes, there are 4 
pairs that are identical. 


In anaphase I, the spindle fibers pull the homologous chromosomes apart. 
The sister chromatids remain tightly bound together at the centromere 
({link]). 


In telophase I, the separated chromosomes arrive at opposite poles. The 
remainder of the typical telophase events may or may not occur depending 
on the species. In some organisms, the chromosomes decondense and 
nuclear envelopes form around the chromatids in telophase I. 


Cytokinesis, the physical separation of the cytoplasmic components into 
two daughter cells, occurs without reformation of the nuclei in other 
organisms. In nearly all species, cytokinesis separates the cell contents by 
either a cleavage furrow (in animals and some fungi), or a cell plate that 
will ultimately lead to formation of cell walls that separate the two daughter 
cells (in plants). At each pole, there is just one member of each pair of the 
homologous chromosomes, so only one full set of the chromosomes is 
present. This is why the cells are considered haploid—there is only one 
chromosome set, even though there are duplicate copies of the set because 
each homolog still consists of two sister chromatids that are still attached to 
each other. However, although the sister chromatids were once duplicates of 
the same chromosome, they are no longer identical at this stage because of 
crossovers. 


Meiosis II 


In meiosis II, the connected sister chromatids remaining in the haploid cells 
from meiosis I will be split to form four haploid cells ([link]). In some 
species, cells enter a brief interphase, or interkinesis, that lacks an S phase, 


before entering meiosis II. Chromosomes are not duplicated during 
interkinesis. The two cells produced in meiosis I go through the events of 
meiosis II in synchrony. Overall, meiosis II resembles the mitotic division 
of a haploid cell. 


In prophase II, if the chromosomes decondensed in telophase I, they 
condense again. If nuclear envelopes were formed, they fragment into 
vesicles. The centrosomes duplicated during interkinesis move away from 
each other toward opposite poles, and new spindles are formed. In early 
metaphase IT, the nuclear envelopes are completely broken down, and the 
spindle is fully formed. Each sister chromatid forms an individual 
kinetochore that attaches to microtubules from opposite poles. In metaphase 
II, the sister chromatids are maximally condensed and aligned at the center 
of the cell. In anaphase II, the sister chromatids are pulled apart by the 
spindle fibers and move toward opposite poles. 


In telophase II, the chromosomes arrive at opposite poles and begin to 
decondense. Nuclear envelopes form around the chromosomes. Cytokinesis 
separates the two cells into four genetically unique haploid cells. At this 
point, the nuclei in the newly produced cells are both haploid and have only 
one copy of the single set of chromosomes. The cells produced are 
genetically unique because of the random assortment of paternal and 
maternal homologs and because of the recombination of maternal and 
paternal segments of chromosomes—with their sets of genes—that occurs 
during crossover. 


Errors in Meiosis 
By the end of this section, you will be able to: 


e Explain how nondisjunction leads to disorders in chromosome number 
e Describe how errors in chromosome structure occur through inversions 
and translocations 


Inherited disorders can arise when chromosomes behave abnormally during 
meiosis. Chromosome disorders can be divided into two categories: 
abnormalities in chromosome number and chromosome structural 
rearrangements. Because even small segments of chromosomes can span 
many genes, chromosomal disorders are characteristically dramatic and 
often fatal. 


Disorders in Chromosome Number 


The isolation and microscopic observation of chromosomes forms the basis 
of cytogenetics and is the primary method by which clinicians detect 
chromosomal abnormalities in humans. A karyotype is the number and 
appearance of chromosomes, including their length, banding pattern, and 
centromere position. To obtain a view of an individual’s karyotype, 
cytologists photograph the chromosomes and then cut and paste each 
chromosome into a chart, or karyogram ((link]). 


This karyogram shows the chromosomes of a 
female human immune cell during mitosis. (credit: 
Andreas Bolzer, et al) 


Note: 

Careers in Action 

Geneticists Use Karyograms to Identify Chromosomal Aberrations 
The karyotype is a method by which traits characterized by chromosomal 
abnormalities can be identified from a single cell. To observe an 
individual’s karyotype, a person’s cells (like white blood cells) are first 
collected from a blood sample or other tissue. In the laboratory, the isolated 
cells are stimulated to begin actively dividing. A chemical is then applied 
to the cells to arrest mitosis during metaphase. The cells are then fixed to a 
slide. 

The geneticist then stains chromosomes with one of several dyes to better 
visualize the distinct and reproducible banding patterns of each 
chromosome pair. Following staining, chromosomes are viewed using 
bright-field microscopy. An experienced cytogeneticist can identify each 
band. In addition to the banding patterns, chromosomes are further 
identified on the basis of size and centromere location. To obtain the 
classic depiction of the karyotype in which homologous pairs of 
chromosomes are aligned in numerical order from longest to shortest, the 
geneticist obtains a digital image, identifies each chromosome, and 
manually arranges the chromosomes into this pattern ({Link]). 

At its most basic, the karyogram may reveal genetic abnormalities in which 
an individual has too many or too few chromosomes per cell. Examples of 
this are Down syndrome, which is identified by a third copy of 
chromosome 21, and Turner syndrome, which is characterized by the 
presence of only one X chromosome in women instead of two. Geneticists 
can also identify large deletions or insertions of DNA. For instance, 
Jacobsen syndrome, which involves distinctive facial features as well as 
heart and bleeding defects, is identified by a deletion on chromosome 11. 
Finally, the karyotype can pinpoint translocations, which occur when a 
segment of genetic material breaks from one chromosome and reattaches to 
another chromosome or to a different part of the same chromosome. 
Translocations are implicated in certain cancers, including chronic 
myelogenous leukemia. 

By observing a karyogram, geneticists can actually visualize the 
chromosomal composition of an individual to confirm or predict genetic 
abnormalities in offspring even before birth. 


Nondisjunctions, Duplications, and Deletions 


Of all the chromosomal disorders, abnormalities in chromosome number 
are the most easily identifiable from a karyogram. Disorders of 
chromosome number include the duplication or loss of entire chromosomes, 
as well as changes in the number of complete sets of chromosomes. They 
are caused by nondisjunction, which occurs when pairs of homologous 
chromosomes or sister chromatids fail to separate during meiosis. The risk 
of nondisjunction increases with the age of the parents. 


Nondisjunction can occur during either meiosis I or II, with different results 
({link]). If homologous chromosomes fail to separate during meiosis I, the 
result is two gametes that lack that chromosome and two gametes with two 
copies of the chromosome. If sister chromatids fail to separate during 
meiosis II, the result is one gamete that lacks that chromosome, two normal 
gametes with one copy of the chromosome, and one gamete with two copies 
of the chromosome. 


Nondisjunction 
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Following meiosis, each gamete has 
one copy of each chromosome. 
Nondisjunction occurs when 
homologous chromosomes (meiosis I) 
or sister chromatids (meiosis IT) fail to 
separate during meiosis. 


An individual with the appropriate number of chromosomes for their 
species is called euploid; in humans, euploidy corresponds to 22 pairs of 
autosomes and one pair of sex chromosomes. An individual with an error 
in chromosome number is described as aneuploid, a term that includes 
monosomy (loss of one chromosome) or trisomy (gain of an extraneous 
chromosome). Monosomic human zygotes missing any one copy of an 
autosome invariably fail to develop to birth because they have only one 
copy of essential genes. Most autosomal trisomies also fail to develop to 
birth; however, duplications of some of the smaller chromosomes (13, 15, 
18, 21, or 22) can result in offspring that survive for several weeks to many 
years. Trisomic individuals suffer from a different type of genetic 
imbalance: an excess in gene dose. Cell functions are calibrated to the 
amount of gene product produced by two copies (doses) of each gene; 
adding a third copy (dose) disrupts this balance. The most common trisomy 
is that of chromosome 21, which leads to Down syndrome. Individuals with 
this inherited disorder have characteristic physical features and 
developmental delays in growth and cognition. The incidence of Down 
syndrome is correlated with maternal age, such that older women are more 
likely to give birth to children with Down syndrome ([(link]). 
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The incidence of having a fetus with 
trisomy 21 increases dramatically with 
maternal age. 


Note: 
Concept in Action 


Visualize the addition of a chromosome that leads to Down syndrome in 
this video. 


Humans display dramatic deleterious effects with autosomal trisomies and 
monosomies. Therefore, it may seem counterintuitive that human females 
and males can function normally, despite carrying different numbers of the 
X chromosome. In part, this occurs because of a process called X 
inactivation. Early in development, when female mammalian embryos 
consist of just a few thousand cells, one X chromosome in each cell 
inactivates by condensing into a structure called a Barr body. The genes on 
the inactive X chromosome are not expressed. The particular X 
chromosome (maternally or paternally derived) that is inactivated in each 
cell is random, but once the inactivation occurs, all cells descended from 
that cell will have the same inactive X chromosome. By this process, 
females compensate for their double genetic dose of X chromosome. 


In so-called “tortoiseshell” cats, X inactivation is observed as coat-color 
variegation ({link]). Females heterozygous for an X-linked coat color gene 
will express one of two different coat colors over different regions of their 
body, corresponding to whichever X chromosome is inactivated in the 
embryonic cell progenitor of that region. When you see a tortoiseshell cat, 
you will know that it has to be a female. 


Embryonic inactivation of 
one of two different X 


chromosomes encoding 
different coat colors gives 
rise to the tortoiseshell 
phenotype in cats. (credit: 
Michael Bodega) 


In an individual carrying an abnormal number of X chromosomes, cellular 
mechanisms will inactivate all but one X in each of her cells. As a result, X- 
chromosomal abnormalities are typically associated with mild mental and 
physical defects, as well as sterility. If the X chromosome is absent 
altogether, the individual will not develop. 


Several errors in sex chromosome number have been characterized. 
Individuals with three X chromosomes, called triplo-X, appear female but 
express developmental delays and reduced fertility. The XX Y chromosome 
complement, corresponding to one type of Klinefelter syndrome, 
corresponds to male individuals with small testes, enlarged breasts, and 
reduced body hair. The extra X chromosome undergoes inactivation to 
compensate for the excess genetic dosage. Turner syndrome, characterized 
as an XO chromosome complement (i.e., only a single sex chromosome), 
corresponds to a female individual with short stature, webbed skin in the 
neck region, hearing and cardiac impairments, and sterility. 


An individual with more than the correct number of chromosome sets (two 
for diploid species) is called polyploid. For instance, fertilization of an 
abnormal diploid egg with a normal haploid sperm would yield a triploid 
zygote. Polyploid animals are extremely rare, with only a few examples 
among the flatworms, crustaceans, amphibians, fish, and lizards. Triploid 
animals are sterile because meiosis cannot proceed normally with an odd 
number of chromosome sets. In contrast, polyploidy is very common in the 
plant kingdom, and polyploid plants tend to be larger and more robust than 
euploids of their species. 


Chromosome Structural Rearrangements 


Cytologists have characterized numerous structural rearrangements in 
chromosomes, including partial duplications, deletions, inversions, and 
translocations. Duplications and deletions often produce offspring that 
survive but exhibit physical and mental abnormalities. Cri-du-chat (from 
the French for “cry of the cat”) is a syndrome associated with nervous 
system abnormalities and identifiable physical features that results from a 
deletion of most of the small arm of chromosome 5 ([link]). Infants with 
this genotype emit a characteristic high-pitched cry upon which the 
disorder’s name is based. 


This individual with cri-du-chat 
syndrome is shown at various ages: 
(A) age two, (B) age four, (C) age 


nine, and (D) age 12. (credit: Paola 
Cerruti Mainardi) 


Chromosome inversions and translocations can be identified by observing 
cells during meiosis because homologous chromosomes with a 
rearrangement in one of the pair must contort to maintain appropriate gene 
alignment and pair effectively during prophase I. 


A chromosome inversion is the detachment, 180° rotation, and reinsertion 
of part of a chromosome ((link]). Unless they disrupt a gene sequence, 
inversions only change the orientation of genes and are likely to have more 
mild effects than aneuploid errors. 


Note: 

Evolution in Action 

The Chromosome 18 Inversion 

Not all structural rearrangements of chromosomes produce nonviable, 
impaired, or infertile individuals. In rare instances, such a change can 
result in the evolution of a new species. In fact, an inversion in 
chromosome 18 appears to have contributed to the evolution of humans. 
This inversion is not present in our closest genetic relatives, the 
chimpanzees. 

The chromosome 18 inversion is believed to have occurred in early 
humans following their divergence from a common ancestor with 
chimpanzees approximately five million years ago. Researchers have 
suggested that a long stretch of DNA was duplicated on chromosome 18 of 
an ancestor to humans, but that during the duplication it was inverted 
(inserted into the chromosome in reverse orientation. 

A comparison of human and chimpanzee genes in the region of this 
inversion indicates that two genes—ROCK1 and USP14—are farther apart 
on human chromosome 18 than they are on the corresponding chimpanzee 
chromosome. This suggests that one of the inversion breakpoints occurred 
between these two genes. Interestingly, humans and chimpanzees express 
USP 14 at distinct levels in specific cell types, including cortical cells and 
fibroblasts. Perhaps the chromosome 18 inversion in an ancestral human 


repositioned specific genes and reset their expression levels in a useful 
way. Because both ROCK1 and USP 14 code for enzymes, a change in their 
expression could alter cellular function. It is not known how this inversion 
contributed to hominid evolution, but it appears to be a significant factor in 
the divergence of humans from other primates.! mote] 

V Goidts, et al., “Segmental duplication associated with the human- 
specific inversion of chromosome 18: a further example of the impact of 
segmental duplications on karyotype and genome evolution in primates,” 
Human Genetics, 115 (2004):116—22. 


A translocation occurs when a segment of a chromosome dissociates and 
reattaches to a different, nonhomologous chromosome. Translocations can 
be benign or have devastating effects, depending on how the positions of 
genes are altered with respect to regulatory sequences. Notably, specific 
translocations have been associated with several cancers and with 
schizophrenia. Reciprocal translocations result from the exchange of 
chromosome segments between two nonhomologous chromosomes such 
that there is no gain or loss of genetic information ([link]). 


An (a) inversion occurs when a chromosome segment breaks from the 
chromosome, reverses its orientation, and then reattaches in the 
original position. A (b) reciprocal translocation occurs between two 
nonhomologous chromosomes and does not cause any genetic 
information to be lost or duplicated. (credit: modification of work by 
National Human Genome Research Institute (USA) 


Before Translocation After Translocation 


No gain or loss 
of genetic information 


Section Summary 


The number, size, shape, and banding pattern of chromosomes make them 
easily identifiable in a karyogram and allow for the assessment of many 
chromosomal abnormalities. Disorders in chromosome number, or 
aneuploidies, are typically lethal to the embryo, although a few trisomic 
genotypes are viable. Because of X inactivation, aberrations in sex 
chromosomes typically have milder effects on an individual. Aneuploidies 
also include instances in which segments of a chromosome are duplicated 
or deleted. Chromosome structures also may be rearranged, for example by 
inversion or translocation. Both of these aberrations can result in negative 
effects on development, or death. Because they force chromosomes to 
assume contorted pairings during meiosis I, inversions and translocations 
are often associated with reduced fertility because of the likelihood of 
nondisjunction. 


Multiple Choice 


Exercise: 


Problem: The genotype XXY corresponds to: 


a. Klinefelter syndrome 
b. Turner syndrome 

c. Triplo-X 

d. Jacob syndrome 


Solution: 


A 
Exercise: 
Problem: 


Abnormalities in the number of X chromosomes tend to be milder than 
the same abnormalities in autosomes because of 


a. deletions 

b. nonhomologous recombination 
c. synapsis 

d. X inactivation 


Solution: 


D 
Exercise: 


Problem: 


Aneuploidies are deleterious for the individual because of what 
phenomenon? 


a. nondisjunction 
b. gene dosage 

c. Meiotic errors 

d. X inactivation 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


Individuals with trisomy 21 are more likely to survive to adulthood 
than individuals with trisomy 18. Based on what you know about 
aneuploidies from this module, what can you hypothesize about 
chromosomes 21 and 18? 


Solution: 


The problems caused by trisomies arise because the genes on the 
chromosome that is present in three copies produce more product than 
genes on chromosomes with only two copies. The cell does not have a 
way to adjust the amount of product, and the lack of balance causes 
problems in development and the maintenance of the individual. Each 
chromosome is different, and the differences in survivability could 
have to do with the numbers of genes on the two chromosomes. 
Chromosome 21 may be a smaller chromosome, so there are fewer 
unbalanced gene products. It is also possible that chromosome 21 
carries genes whose products are less sensitive to differences in dosage 
than chromosome 18. The genes may be less involved in critical 
pathways, or the differences in dosage may make less of a difference to 
those pathways. 


Glossary 
aneuploid 
an individual with an error in chromosome number; includes deletions 


and duplications of chromosome segments 


autosome 
any of the non-sex chromosomes 


chromosome inversion 


the detachment, 180° rotation, and reinsertion of a chromosome arm 


euploid 
an individual with the appropriate number of chromosomes for their 
species 


karyogram 
the photographic image of a karyotype 


karyotype 
the number and appearance of an individuals chromosomes, including 
the size, banding patterns, and centromere position 


monosomy 
an otherwise diploid genotype in which one chromosome is missing 


nondisjunction 
the failure of synapsed homologs to completely separate and migrate 
to separate poles during the first cell division of meiosis 


polyploid 
an individual with an incorrect number of chromosome sets 


translocation 
the process by which one segment of a chromosome dissociates and 
reattaches to a different, nonhomologous chromosome 


trisomy 
an otherwise diploid genotype in which one entire chromosome is 
duplicated 


X inactivation 
the condensation of X chromosomes into Barr bodies during 
embryonic development in females to compensate for the double 
genetic dose 


Embryonic Development 
By the end of this section, you will be able to: 


e Distinguish the stages of embryonic development that occur before 
implantation 

e Describe the process of implantation 

e List and describe four embryonic membranes 

e Explain gastrulation 

e Describe how the placenta is formed and identify its functions 

e Explain how an embryo transforms from a flat disc of cells into a 
three-dimensional shape resembling a human 

e Summarize the process of organogenesis 


Throughout this chapter, we will express embryonic and fetal ages in terms 
of weeks from fertilization, commonly called conception. The period of 
time required for full development of a fetus in utero is referred to as 
gestation (gestare = “to carry” or “to bear’). It can be subdivided into 
distinct gestational periods. The first 2 weeks of prenatal development are 
referred to as the pre-embryonic stage. A developing human is referred to as 
an embryo during weeks 3-8, and a fetus from the ninth week of gestation 
until birth. In this section, we’ll cover the pre-embryonic and embryonic 
stages of development, which are characterized by cell division, migration, 
and differentiation. By the end of the embryonic period, all of the organ 
systems are structured in rudimentary form, although the organs themselves 
are either nonfunctional or only semi-functional. 


Pre-implantation Embryonic Development 


Following fertilization, the zygote and its associated membranes, together 
referred to as the conceptus, continue to be projected toward the uterus by 
peristalsis and beating cilia. During its journey to the uterus, the zygote 
undergoes five or six rapid mitotic cell divisions. Although each cleavage 
results in more cells, it does not increase the total volume of the conceptus 
({link]). Each daughter cell produced by cleavage is called a blastomere 
(blastos = “germ,” in the sense of a seed or sprout). 


Approximately 3 days after fertilization, a 16-cell conceptus reaches the 
uterus. The cells that had been loosely grouped are now compacted and 
look more like a solid mass. The name given to this structure is the morula 
(morula = “little mulberry”). Once inside the uterus, the conceptus floats 
freely for several more days. It continues to divide, creating a ball of 
approximately 100 cells, and consuming nutritive endometrial secretions 
called uterine milk while the uterine lining thickens. The ball of now tightly 
bound cells starts to secrete fluid and organize themselves around a fluid- 
filled cavity, the blastocoel. At this developmental stage, the conceptus is 
referred to as a blastocyst. Within this structure, a group of cells forms into 
an inner cell mass, which is fated to become the embryo. The cells that 
form the outer shell are called trophoblasts (trophe = “to feed” or “to 
nourish”). These cells will develop into the chorionic sac and the fetal 
portion of the placenta (the organ of nutrient, waste, and gas exchange 
between mother and the developing offspring). 


The inner mass of embryonic cells is totipotent during this stage, meaning 
that each cell has the potential to differentiate into any cell type in the 
human body. Totipotency lasts for only a few days before the cells’ fates are 
set as being the precursors to a specific lineage of cells. 

Pre-Embryonic Cleavages 


Four-cell 


Trophoblast 
Inner cell mass 


Morula (16 cells) Blastocyst (70-100 cells) 


Mi Occurs in uterine tube ‘Ml Occurs in uterus 


Pre-embryonic cleavages make use of the 


abundant cytoplasm of the conceptus as 
the cells rapidly divide without changing 
the total volume. 


As the blastocyst forms, the trophoblast excretes enzymes that begin to 
degrade the zona pellucida. In a process called “hatching,” the conceptus 
breaks free of the zona pellucida in preparation for implantation. 


Note: 
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rh 


View this time-lapse movie of a conceptus starting at day 3. What is the 
first structure you see? At what point in the movie does the blastocoel first 
appear? What event occurs at the end of the movie? 


Implantation 


At the end of the first week, the blastocyst comes in contact with the uterine 
wall and adheres to it, embedding itself in the uterine lining via the 
trophoblast cells. Thus begins the process of implantation, which signals 
the end of the pre-embryonic stage of development ([link]). Implantation 
can be accompanied by minor bleeding. The blastocyst typically implants in 
the fundus of the uterus or on the posterior wall. However, if the 
endometrium is not fully developed and ready to receive the blastocyst, the 
blastocyst will detach and find a better spot. A significant percentage (S0— 
75 percent) of blastocysts fail to implant; when this occurs, the blastocyst is 
shed with the endometrium during menses. The high rate of implantation 


failure is one reason why pregnancy typically requires several ovulation 
cycles to achieve. 
Pre-Embryonic Development 
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Ovulation, fertilization, pre-embryonic development, 
and implantation occur at specific locations within the 
female reproductive system in a time span of 
approximately 1 week. 


When implantation succeeds and the blastocyst adheres to the 
endometrium, the superficial cells of the trophoblast fuse with each other, 
forming the syncytiotrophoblast, a multinucleated body that digests 
endometrial cells to firmly secure the blastocyst to the uterine wall. In 
response, the uterine mucosa rebuilds itself and envelops the blastocyst 
({link]). The trophoblast secretes human chorionic gonadotropin (hCG), 
a hormone that directs the corpus luteum to survive, enlarge, and continue 


producing progesterone and estrogen to suppress menses. These functions 
of hCG are necessary for creating an environment suitable for the 
developing embryo. As a result of this increased production, hCG 
accumulates in the maternal bloodstream and is excreted in the urine. 
Implantation is complete by the middle of the second week. Just a few days 
after implantation, the trophoblast has secreted enough hCG for an at-home 
urine pregnancy test to give a positive result. 

Implantation 


Endometrium Uterine cavity 


Uterine mucosa cells 


@) The blastocyst digests the uterine 
mucosa when it initially implants into 
the endometrium. 


@) Eventually, the endometrium 
grows over and surrounds the 
embryo, fully securing it to the 
uterine lining. 


Ne 


6) Implanted embryo 


continues to grow within 
endometrium. (Depicted 
embryo is 7-8 weeks 


after conception.) 
Anterior view Lateral view 


Most common site of implantation 
(posterior uterine wall) 


During implantation, the trophoblast cells of the blastocyst 
adhere to the endometrium and digest endometrial cells 
until it is attached securely. 


Most of the time an embryo implants within the body of the uterus in a 
location that can support growth and development. However, in one to two 
percent of cases, the embryo implants either outside the uterus (an ectopic 
pregnancy) or in a region of uterus that can create complications for the 
pregnancy. If the embryo implants in the inferior portion of the uterus, the 
placenta can potentially grow over the opening of the cervix, a condition 
call placenta previa. 


Note: 

Disorders of the... 

Development of the Embryo 

In the vast majority of ectopic pregnancies, the embryo does not complete 
its journey to the uterus and implants in the uterine tube, referred to as a 
tubal pregnancy. However, there are also ovarian ectopic pregnancies (in 
which the egg never left the ovary) and abdominal ectopic pregnancies (in 
which an egg was “lost” to the abdominal cavity during the transfer from 
ovary to uterine tube, or in which an embryo from a tubal pregnancy re- 
implanted in the abdomen). Once in the abdominal cavity, an embryo can 
implant into any well-vascularized structure—the rectouterine cavity 
(Douglas’ pouch), the mesentery of the intestines, and the greater omentum 
are some common sites. 

Tubal pregnancies can be caused by scar tissue within the tube following a 
sexually transmitted bacterial infection. The scar tissue impedes the 
progress of the embryo into the uterus—in some cases “snagging” the 
embryo and, in other cases, blocking the tube completely. Approximately 
one half of tubal pregnancies resolve spontaneously. Implantation in a 
uterine tube causes bleeding, which appears to stimulate smooth muscle 
contractions and expulsion of the embryo. In the remaining cases, medical 
or surgical intervention is necessary. If an ectopic pregnancy is detected 


early, the embryo’s development can be arrested by the administration of 
the cytotoxic drug methotrexate, which inhibits the metabolism of folic 
acid. If diagnosis is late and the uterine tube is already ruptured, surgical 
repair is essential. 

Even if the embryo has successfully found its way to the uterus, it does not 
always implant in an optimal location (the fundus or the posterior wall of 
the uterus). Placenta previa can result if an embryo implants close to the 
internal os of the uterus (the internal opening of the cervix). As the fetus 
grows, the placenta can partially or completely cover the opening of the 
cervix ([link]). Although it occurs in only 0.5 percent of pregnancies, 
placenta previa is the leading cause of antepartum hemorrhage (profuse 
vaginal bleeding after week 24 of pregnancy but prior to childbirth). 
Placenta Previa 


Internal os 


Cervix is not Placenta is covering 
obstructed. cervix preventing a 
proper birth. 


Normal location of placenta Placenta previa 


An embryo that implants too close to the 
opening of the cervix can lead to placenta 
previa, a condition in which the placenta 
partially or completely covers the cervix. 


Embryonic Membranes 


During the second week of development, with the embryo implanted in the 
uterus, cells within the blastocyst start to organize into layers. Some grow to 


form the extra-embryonic membranes needed to support and protect the 
growing embryo: the amnion, the yolk sac, the allantois, and the chorion. 


At the beginning of the second week, the cells of the inner cell mass form 
into a two-layered disc of embryonic cells, and a space—the amniotic 
cavity—opens up between it and the trophoblast ([link]). Cells from the 
upper layer of the disc (the epiblast) extend around the amniotic cavity, 
creating a membranous sac that forms into the amnion by the end of the 
second week. The amnion fills with amniotic fluid and eventually grows to 
surround the embryo. Early in development, amniotic fluid consists almost 
entirely of a filtrate of maternal plasma, but as the kidneys of the fetus 
begin to function at approximately the eighth week, they add urine to the 
volume of amniotic fluid. Floating within the amniotic fluid, the embryo— 
and later, the fetus—is protected from trauma and rapid temperature 
changes. It can move freely within the fluid and can prepare for swallowing 
and breathing out of the uterus. 

Development of the Embryonic Disc 
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Formation of the embryonic disc leaves 
spaces on either side that develop into the 
amniotic cavity and the yolk sac. 


On the ventral side of the embryonic disc, opposite the amnion, cells in the 
lower layer of the embryonic disk (the hypoblast) extend into the blastocyst 


cavity and form a yolk sac. The yolk sac supplies some nutrients absorbed 
from the trophoblast and also provides primitive blood circulation to the 
developing embryo for the second and third week of development. When 
the placenta takes over nourishing the embryo at approximately week 4, the 
yolk sac has been greatly reduced in size and its main function is to serve as 
the source of blood cells and germ cells (cells that will give rise to 
gametes). During week 3, a finger-like outpocketing of the yolk sac 
develops into the allantois, a primitive excretory duct of the embryo that 
will become part of the urinary bladder. Together, the stalks of the yolk sac 
and allantois establish the outer structure of the umbilical cord. 


The last of the extra-embryonic membranes is the chorion, which is the one 
membrane that surrounds all others. The development of the chorion will be 
discussed in more detail shortly, as it relates to the growth and development 
of the placenta. 


Embryogenesis 


As the third week of development begins, the two-layered disc of cells 
becomes a three-layered disc through the process of gastrulation, during 
which the cells transition from totipotency to multipotency. The embryo, 
which takes the shape of an oval-shaped disc, forms an indentation called 
the primitive streak along the dorsal surface of the epiblast. A node at the 
caudal or “tail” end of the primitive streak emits growth factors that direct 
cells to multiply and migrate. Cells migrate toward and through the 
primitive streak and then move laterally to create two new layers of cells. 
The first layer is the endoderm, a sheet of cells that displaces the hypoblast 
and lies adjacent to the yolk sac. The second layer of cells fills in as the 
middle layer, or mesoderm. The cells of the epiblast that remain (not 
having migrated through the primitive streak) become the ectoderm 
((link]). 

Germ Layers 


Reestablished 
uterine mucosa 


Endometrium 


Hypoblast 


Trophoblast 


Endometrium 


Reestablished - at 3 Level of cross section 
uterine mucosa i ; ) 


Endoderm 


Mesoderm 


mnnusue-ceiily Cells differentiate at the primitive streak 


and migrate to form a middle mesodermal 
layer, as well as displace most of the 
hypoblast cells to form an endodermal layer. 
The ectoderm forms from the epiblast. 


Trophoblast 


Formation of the three primary germ layers occurs 
during the first 2 weeks of development. The embryo 
at this stage is only a few millimeters in length. 


Each of these germ layers will develop into specific structures in the 
embryo. Whereas the ectoderm and endoderm form tightly connected 
epithelial sheets, the mesodermal cells are less organized and exist as a 
loosely connected cell community. The ectoderm gives rise to cell lineages 
that differentiate to become the central and peripheral nervous systems, 
sensory organs, epidermis, hair, and nails. Mesodermal cells ultimately 
become the skeleton, muscles, connective tissue, heart, blood vessels, and 
kidneys. The endoderm goes on to form the epithelial lining of the 
gastrointestinal tract, liver, and pancreas, as well as the lungs ({link]). 
Fates of Germ Layers in Embryo 
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Endoderm layer 
becomes: 

1) Digestive system 

2) Liver 

3) Pancreas 

4) Lungs (inner layers) 


Mesoderm layer 
becomes: 

1) Circulatory system 

2) Lungs (epithelial layers) 
3) Skeletal system 
4) Muscular system 


Ectoderm layer 
becomes: 

1) Hair 

2) Nails 

3) Skin 

4) Nervous system 


Following gastrulation of the 
embryo in the third week, 
embryonic cells of the ectoderm, 
mesoderm, and endoderm begin to 
migrate and differentiate into the 
cell lineages that will give rise to 
mature organs and organ systems 
in the infant. 


Development of the Placenta 


During the first several weeks of development, the cells of the endometrium 
—referred to as decidual cells—nourish the nascent embryo. During 
prenatal weeks 4—12, the developing placenta gradually takes over the role 
of feeding the embryo, and the decidual cells are no longer needed. The 
mature placenta is composed of tissues derived from the embryo, as well as 
maternal tissues of the endometrium. The placenta connects to the 
conceptus via the umbilical cord, which carries deoxygenated blood and 
wastes from the fetus through two umbilical arteries; nutrients and oxygen 
are carried from the mother to the fetus through the single umbilical vein. 
The umbilical cord is surrounded by the amnion, and the spaces within the 


cord around the blood vessels are filled with Wharton’s jelly, a mucous 
connective tissue. 


The maternal portion of the placenta develops from the deepest layer of the 
endometrium, the decidua basalis. To form the embryonic portion of the 
placenta, the syncytiotrophoblast and the underlying cells of the trophoblast 
(cytotrophoblast cells) begin to proliferate along with a layer of 
extraembryonic mesoderm cells. These form the chorionic membrane, 
which envelops the entire conceptus as the chorion. The chorionic 
membrane forms finger-like structures called chorionic villi that burrow 
into the endometrium like tree roots, making up the fetal portion of the 
placenta. The cytotrophoblast cells perforate the chorionic villi, burrow 
farther into the endometrium, and remodel maternal blood vessels to 
augment maternal blood flow surrounding the villi. Meanwhile, fetal 
mesenchymal cells derived from the mesoderm fill the villi and differentiate 
into blood vessels, including the three umbilical blood vessels that connect 
the embryo to the developing placenta ({link]). 

Cross-Section of the Placenta 
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In the placenta, maternal and fetal blood components are 
conducted through the surface of the chorionic villi, but 
maternal and fetal bloodstreams never mix directly. 


The placenta develops throughout the embryonic period and during the first 
several weeks of the fetal period; placentation is complete by weeks 14— 
16. As a fully developed organ, the placenta provides nutrition and 
excretion, respiration, and endocrine function ([link] and [link]). It receives 
blood from the fetus through the umbilical arteries. Capillaries in the 
chorionic villi filter fetal wastes out of the blood and return clean, 
oxygenated blood to the fetus through the umbilical vein. Nutrients and 
oxygen are transferred from maternal blood surrounding the villi through 
the capillaries and into the fetal bloodstream. Some substances move across 
the placenta by simple diffusion. Oxygen, carbon dioxide, and any other 
lipid-soluble substances take this route. Other substances move across by 
facilitated diffusion. This includes water-soluble glucose. The fetus has a 
high demand for amino acids and iron, and those substances are moved 
across the placenta by active transport. 


Maternal and fetal blood does not commingle because blood cells cannot 
move across the placenta. This separation prevents the mother’s cytotoxic T 
cells from reaching and subsequently destroying the fetus, which bears 
“non-self” antigens. Further, it ensures the fetal red blood cells do not enter 
the mother’s circulation and trigger antibody development (if they carry 
“non-self” antigens)—at least until the final stages of pregnancy or birth. 
This is the reason that, even in the absence of preventive treatment, an Rh™ 
mother doesn’t develop antibodies that could cause hemolytic disease in her 
first Rh* fetus. 


Although blood cells are not exchanged, the chorionic villi provide ample 
surface area for the two-way exchange of substances between maternal and 
fetal blood. The rate of exchange increases throughout gestation as the villi 
become thinner and increasingly branched. The placenta is permeable to 
lipid-soluble fetotoxic substances: alcohol, nicotine, barbiturates, 
antibiotics, certain pathogens, and many other substances that can be 
dangerous or fatal to the developing embryo or fetus. For these reasons, 
pregnant women should avoid fetotoxic substances. Alcohol consumption 
by pregnant women, for example, can result in a range of abnormalities 
referred to as fetal alcohol spectrum disorders (FASD). These include organ 
and facial malformations, as well as cognitive and behavioral disorders. 


Functions of the Placenta 


Nutrition and 
digestion 


e Mediates 
diffusion of 
maternal 
glucose, 
amino acids, 
fatty acids, 
vitamins, and 
minerals 

e Stores 
nutrients 
during early 
pregnancy to 
accommodate 
increased 
fetal demand 
later in 
pregnancy 

e Excretes and 
filters fetal 
nitrogenous 
wastes into 
maternal 
blood 


Placenta 


Respiration 


e Mediates 
maternal- 
to-fetal 
oxygen 
transport 
and fetal- 
to- 
maternal 
carbon 
dioxide 
transport 


Endocrine function 


e Secretes several 


hormones, including 
hCG, estrogens, and 
progesterone, to 
maintain the 
pregnancy and 
stimulate maternal 
and fetal 
development 
Mediates the 
transmission of 
maternal hormones 
into fetal blood and 
vice versa 


This post-expulsion placenta and 
umbilical cord (white) are viewed 
from the fetal side. 


Organogenesis 


Following gastrulation, rudiments of the central nervous system develop 
from the ectoderm in the process of neurulation ((link]). Specialized 
neuroectodermal tissues along the length of the embryo thicken into the 
neural plate. During the fourth week, tissues on either side of the plate fold 
upward into a neural fold. The two folds converge to form the neural tube. 
The tube lies atop a rod-shaped, mesoderm-derived notochord, which 
eventually becomes the nucleus pulposus of intervertebral discs. Block-like 
structures called somites form on either side of the tube, eventually 
differentiating into the axial skeleton, skeletal muscle, and dermis. During 
the fourth and fifth weeks, the anterior neural tube dilates and subdivides to 
form vesicles that will become the brain structures. 


Folate, one of the B vitamins, is important to the healthy development of 
the neural tube. A deficiency of maternal folate in the first weeks of 
pregnancy can result in neural tube defects, including spina bifida—a birth 
defect in which spinal tissue protrudes through the newborn’s vertebral 


column, which has failed to completely close. A more severe neural tube 
defect is anencephaly, a partial or complete absence of brain tissue. 
Neurulation 


Neural plate border Neural plate Ectoderm 


@) Neuroectodermal tissues differentiate from the 
ectoderm and thicken into the neural plate. The 
neural plate border separates the ectoderm 
from the neural plate. 


Mesoderm 


@ Notochord 


Solvengeniee y~ @) The neural plate bends dorsally, with the two 


Neural crest ends eventually joining at the neural plate 
borders, which are now referred to as the 
neural crest. 


Lh Ectoderm 


8) The closure of the neural tube disconnects the 
neural crest from the epidermis. Neural crest 
cells differentiate to form most of the peripheral 


Neural crest cells nervous system. 


(form components, 
of the PNS) 


Neural tube 


Notochord 


(mesoderm-derived) @ The notochord degenerates and only persists as 


the nucleus pulposus of the intervertebral discs. 
Other mesoderm cells differentiate into the 
somites, the precursors of the axial skeleton and 
skeletal muscle. 


Spinal ganglion 


Somites (mesoderm-derived) 


The embryonic process of neurulation establishes the 
rudiments of the future central nervous system and 
skeleton. 


The embryo, which begins as a flat sheet of cells, begins to acquire a 
cylindrical shape through the process of embryonic folding (({link]). The 


embryo folds laterally and again at either end, forming a C-shape with 
distinct head and tail ends. The embryo envelops a portion of the yolk sac, 
which protrudes with the umbilical cord from what will become the 
abdomen. The folding essentially creates a tube, called the primitive gut, 
that is lined by the endoderm. The amniotic sac, which was sitting on top of 
the flat embryo, envelops the embryo as it folds. 

Embryonic Folding 


Sagittal 
section 


” Transverse section 


—- Yolk sac 


Oe 


Transverse section 


Transverse 
section 


. Yolk sac 
Transverse section 


Transverse 
section 


i Ectoderm 
Ml Mesoderm 


! Endoderm 
{© Amnion 
(©) Hypoblast 


Embryonic folding converts a flat sheet of cells into a 
hollow, tube-like structure. 


Within the first 8 weeks of gestation, a developing embryo establishes the 
rudimentary structures of all of its organs and tissues from the ectoderm, 
mesoderm, and endoderm. This process is called organogenesis. 


Like the central nervous system, the heart also begins its development in the 
embryo as a tube-like structure, connected via capillaries to the chorionic 
villi. Cells of the primitive tube-shaped heart are capable of electrical 
conduction and contraction. The heart begins beating in the beginning of 
the fourth week, although it does not actually pump embryonic blood until a 
week later, when the oversized liver has begun producing red blood cells. 
(This is a temporary responsibility of the embryonic liver that the bone 
marrow will assume during fetal development.) During weeks 4—5, the eye 
pits form, limb buds become apparent, and the rudiments of the pulmonary 
system are formed. 


During the sixth week, uncontrolled fetal limb movements begin to occur. 
The gastrointestinal system develops too rapidly for the embryonic 
abdomen to accommodate it, and the intestines temporarily loop into the 
umbilical cord. Paddle-shaped hands and feet develop fingers and toes by 
the process of apoptosis (programmed cell death), which causes the tissues 
between the fingers to disintegrate. By week 7, the facial structure is more 
complex and includes nostrils, outer ears, and lenses ([link]). By the eighth 
week, the head is nearly as large as the rest of the embryo’s body, and all 
major brain structures are in place. The external genitalia are apparent, but 
at this point, male and female embryos are indistinguishable. Bone begins 
to replace cartilage in the embryonic skeleton through the process of 
ossification. By the end of the embryonic period, the embryo is 
approximately 3 cm (1.2 in) from crown to rump and weighs approximately 
82 (0.25.02). 

Embryo at 7 Weeks 


An embryo at the end of 7 weeks 
of development is only 10 mm in 
length, but its developing eyes, 
limb buds, and tail are already 
visible. (This embryo was derived 
from an ectopic pregnancy.) 
(credit: Ed Uthman) 


Use this interactive tool to view the process of embryogenesis from 
fertilization through pregnancy to birth. Can you identify when neurulation 
occurs in the embryo? 


Chapter Review 


As the zygote travels toward the uterus, it undergoes numerous cleavages in 
which the number of cells doubles (blastomeres). Upon reaching the uterus, 
the conceptus has become a tightly packed sphere of cells called the morula, 
which then forms into a blastocyst consisting of an inner cell mass within a 
fluid-filled cavity surrounded by trophoblasts. The blastocyst implants in 
the uterine wall, the trophoblasts fuse to form a syncytiotrophoblast, and the 
conceptus is enveloped by the endometrium. Four embryonic membranes 
form to support the growing embryo: the amnion, the yolk sac, the allantois, 
and the chorion. The chorionic villi of the chorion extend into the 
endometrium to form the fetal portion of the placenta. The placenta supplies 
the growing embryo with oxygen and nutrients; it also removes carbon 
dioxide and other metabolic wastes. 


Following implantation, embryonic cells undergo gastrulation, in which 
they differentiate and separate into an embryonic disc and establish three 
primary germ layers (the endoderm, mesoderm, and ectoderm). Through the 
process of embryonic folding, the fetus begins to take shape. Neurulation 
Starts the process of the development of structures of the central nervous 
system and organogenesis establishes the basic plan for all organ systems. 


Interactive Link Questions 


Exercise: 
Problem: 
View this time-lapse movie of a conceptus starting at day 3. What is 


the first structure you see? At what point in the movie does the 
blastocoel first appear? What event occurs at the end of the movie? 


Solution: 


The first structure shown is the morula. The blastocoel appears at 
approximately 20 seconds. The movie ends with the hatching of the 
conceptus. 


Review Questions 


Exercise: 


Problem:Cleavage produces daughter cells called 


a. trophoblasts 
b. blastocysts 
c. morulae 

d. blastomeres 


Solution: 


D 


Exercise: 


Problem:The conceptus, upon reaching the uterus, first 


a. implants 

b. divides 

c. disintegrates 
d. hatches 


Solution: 


B 


Exercise: 


Problem: 


The inner cell mass of the blastocyst is destined to become the 


a. embryo 

b. trophoblast 

c. chorionic villi 
d. placenta 


Solution: 


A 
Exercise: 


Problem: 


Which primary germ layer gave rise to the cells that eventually became 
the central nervous system? 


a. endoderm 
b. ectoderm 
c. acrosome 
d. mesoderm 


Solution: 


B 
Exercise: 


Problem: 


What would happen if the trophoblast did not secrete hCG upon 
implantation of the blastocyst? 


a. The cells would not continue to divide. 


b. The corpus luteum would continue to produce progesterone and 
estrogen. 

c. Menses would flush the blastocyst out of the uterus. 

d. The uterine mucosa would not envelop the blastocyst. 


Solution: 


‘S 


Exercise: 


Problem: During what process does the amnion envelop the embryo? 


a. embryonic folding 
b. gastrulation 

c. implantation 

d. organogenesis 


Solution: 


A 
Exercise: 
Problem: The placenta is formed from 
a. the embryo’s mesenchymal cells 
b. the mother’s endometrium only 


c. the mother’s endometrium and the embryo’s chorionic membrane 
d. the mother’s endometrium and the embryo’s umbilical cord 


Solution: 


c 


Critical Thinking Questions 


Exercise: 
Problem: 
Approximately 3 weeks after her last menstrual period, a sexually 


active woman experiences a brief episode of abdominopelvic cramping 
and minor bleeding. What might be the explanation? 


Solution: 

The timing of this discomfort and bleeding suggests that it is probably 

caused by implantation of the blastocyst into the uterine wall. 
Exercise: 

Problem: 

The Food and Nutrition Board of the Institute of Medicine 


recommends that all women who might become pregnant consume at 
least 400 pig/day of folate from supplements or fortified foods. Why? 


Solution: 


Folate, one of the B vitamins, is important for the healthy formation of 
the embryonic neural tube, which occurs in the first few weeks 
following conception—often before a woman even realizes she is 
pregnant. A folate-deficient environment increases the risk of a neural 
tube defect, such as spina bidifa, in the newborn. 


Glossary 
allantois 
finger-like outpocketing of yolk sac forms the primitive excretory duct 


of the embryo; precursor to the urinary bladder 


amnion 


transparent membranous sac that encloses the developing fetus and 
fills with amniotic fluid 


amniotic cavity 
cavity that opens up between the inner cell mass and the trophoblast; 
develops into amnion 


blastocoel 
fluid-filled cavity of the blastocyst 


blastocyst 
term for the conceptus at the developmental stage that consists of 
about 100 cells shaped into an inner cell mass that is fated to become 
the embryo and an outer trophoblast that is fated to become the 
associated fetal membranes and placenta 


blastomere 
daughter cell of a cleavage 


chorion 
membrane that develops from the syncytiotrophoblast, 
cytotrophoblast, and mesoderm; surrounds the embryo and forms the 
fetal portion of the placenta through the chorionic villi 


chorionic membrane 
precursor to the chorion; forms from extra-embryonic mesoderm cells 


chorionic villi 
projections of the chorionic membrane that burrow into the 
endometrium and develop into the placenta 


cleavage 
form of mitotic cell division in which the cell divides but the total 
volume remains unchanged; this process serves to produce smaller and 
smaller cells 


conceptus 
pre-implantation stage of a fertilized egg and its associated membranes 


ectoderm 
primary germ layer that develops into the central and peripheral 
nervous systems, sensory organs, epidermis, hair, and nails 


ectopic pregnancy 
implantation of an embryo outside of the uterus 


embryo 
developing human during weeks 3-8 


embryonic folding 
process by which an embryo develops from a flat disc of cells to a 
three-dimensional shape resembling a cylinder 


endoderm 
primary germ layer that goes on to form the gastrointestinal tract, liver, 
pancreas, and lungs 


epiblast 
upper layer of cells of the embryonic disc that forms from the inner 
cell mass; gives rise to all three germ layers 


fetus 
developing human during the time from the end of the embryonic 
period (week 9) to birth 


gastrulation 
process of cell migration and differentiation into three primary germ 
layers following cleavage and implantation 


gestation 
in human development, the period required for embryonic and fetal 
development in utero; pregnancy 


human chorionic gonadotropin (hCG) 
hormone that directs the corpus luteum to survive, enlarge, and 
continue producing progesterone and estrogen to suppress menses and 
secure an environment suitable for the developing embryo 


hypoblast 
lower layer of cells of the embryonic disc that extend into the 
blastocoel to form the yolk sac 


implantation 
process by which a blastocyst embeds itself in the uterine 
endometrium 


inner cell mass 
cluster of cells within the blastocyst that is fated to become the embryo 


mesoderm 
primary germ layer that becomes the skeleton, muscles, connective 
tissue, heart, blood vessels, and kidneys 


morula 
tightly packed sphere of blastomeres that has reached the uterus but 
has not yet implanted itself 


neural plate 
thickened layer of neuroepithelium that runs longitudinally along the 
dorsal surface of an embryo and gives rise to nervous system tissue 


neural fold 
elevated edge of the neural groove 


neural tube 
precursor to structures of the central nervous system, formed by the 
invagination and separation of neuroepithelium 


neurulation 
embryonic process that establishes the central nervous system 


notochord 
rod-shaped, mesoderm-derived structure that provides support for 
growing fetus 


organogenesis 


development of the rudimentary structures of all of an embryo’s organs 
from the germ layers 


placenta 
organ that forms during pregnancy to nourish the developing fetus; 
also regulates waste and gas exchange between mother and fetus 


placenta previa 
low placement of fetus within uterus causes placenta to partially or 
completely cover the opening of the cervix as it grows 


placentation 
formation of the placenta; complete by weeks 14—16 of pregnancy 


primitive streak 
indentation along the dorsal surface of the epiblast through which cells 
migrate to form the endoderm and mesoderm during gastrulation 


somite 
one of the paired, repeating blocks of tissue located on either side of 
the notochord in the early embryo 


syncytiotrophoblast 
superficial cells of the trophoblast that fuse to form a multinucleated 
body that digests endometrial cells to firmly secure the blastocyst to 
the uterine wall 


trophoblast 
fluid-filled shell of squamous cells destined to become the chorionic 
villi, placenta, and associated fetal membranes 


umbilical cord 
connection between the developing conceptus and the placenta; carries 
deoxygenated blood and wastes from the fetus and returns nutrients 
and oxygen from the mother 


yolk sac 


membrane associated with primitive circulation to the developing 
embryo; source of the first blood cells and germ cells and contributes 
to the umbilical cord structure 


An Overview of Stem Cells 


Overview 


Stem cells are cells that have the potential to replicate themselves for 
indefinite periods and to divide, producing one copy of themselves and one 
cell of a different type (differentiation). In humans, stem cells have been 
located in: the early stages of development after egg fertilization (around 5- 
6 days); the umbilical cord and placenta; and in several adult organs. 


Regardless of their source all stem cells have two general properties: 


e Stem cells are capable of dividing and renewing themselves for long 
periods. Unlike muscle cells, blood cells, or nerve cells — which do not 
replicate themselves — stem cells can divide continuously and keep 
their innate properties. 

e Stem cells are undifferentiated and can give rise to multiple cell-types. 
Stem cells do not have any tissue-specific structures that allow them to 
perform specialized functions. They cannot carry molecules of oxygen 
through the bloodstream like red blood cells or release signals to other 
cells, such as permitting the body to move or speak, as nerve cells do. 
Although stem cells do not have any tissue-specific structures, they 
can give rise to differentiated cells, including red blood cells and nerve 
cells. 


Stem cells have varying abilities to differentiate into different cell-types 
(see Figure 1). One type of stem cell can give rise to any other cell-type of a 
given organism (for example, an embryonic stem cell). Other stem cells can 
only give rise to cells of a given tissue type (for example, bone marrow can 
produce blood stem cells) or only give rise to a few cell-types in a given 
tissue. 


Scientists are just beginning to understand the signals in a body which can 
trigger cell differentiation. These signals can be created within a cell, 
triggered by a cell’s genes, or by a neighboring cell that releases chemicals 
to promote differentiation in other cells. Determining what these signals are 
and what stem cells require to differentiate into different cell-types is a 


crucial research area which must be explored in order to utilize stem cells 
for therapies. 


When cells differentiate, their abilities become more restricted. They often 
follow only a few prescribed pathways and can lose the capacity to replicate 
themselves. The ability of stem cells to replicate and remain unspecialized 
until they are needed is an important area of research vital to understanding 
human development. 


Stem cells offer a new look at old problems and diseases such as burns and 
diabetes. Although the field is relatively new, the impact of new discoveries 
could profoundly change medical research and therapy. Many of these new 
approaches involve the use of somatic cell nuclear transfer (sometimes 
known as therapeutic cloning) to produce recipient-specific tissue by 
creating embryonic stem cell lines. 


This new area of research has great potential, but it is not without its 
controversies. Many ethical dilemmas are produced with the creation and 
destruction of human blastocysts as well as the potential to clone an entire 
human being (reproductive cloning). No matter where society designates 
the boundary to be for this research, or whether or not stem cells can live up 
to our high expectations, a great deal can be learned through careful and 
thoughtful studies. 

The Potential Uses of Embryonic Stem Cells 


Embryonic Stem Cells 


Embryonic stem cells are derived exclusively from a fertilized egg that has 
been grown in vitro for 5 to 6 days to form a blastocyst. Within a 
blastocyst there is a small group of about 30 cells called the inner cell 
mass, which will give rise to the hundreds of highly specialized cells 
needed to make up an adult organism. Embryonic stem cells are obtained 
from this inner cell mass. For research purposes, embryonic stem cells are 
produced specifically from eggs that have been fertilized in vitro, or ina 
laboratory and not inside a woman’s body, or in vivo. Embryonic stem cells 
can come from a frozen fertilized egg or an egg which is fertilized in vitro. 


Embryonic stem cells can and do differentiate into all the specialized cells 
in the adult body. They could be induced to provide an unlimited source of 


specific and clinically important adult cells such as bone, muscle, liver or 
blood cells (See Figure 2). 


Cell-Types Embryonic Stem 
Cells* Have Been Grown Into 


Smooth Muscle 
Heart Muscle 
Nerves 

Bone 
Cartilage 


Kidney 

Red and Vvhite Blood Cells 
Pancreas 

Liver 

Yolk Sac 

Lymph Nodes 

Endoderm 


Adult Stem Cells 


Adult stem cells are unspecialized or undifferentiated cells found among 
specialized cells in an adult tissue or organ. In some adult tissues, such as in 
bone marrow, muscle, or brain tissue, discrete populations of adult stem 
cells generate replacements for cells that are lost through disease, injury, or 
normal wear and tear. Adult stem cells are thought to reside in an area of 
each tissue where they may remain quiescent, or non-dividing, for many 
years until they are activated by disease or tissue injury. Where they are 
found, adult stem cells consist of a very small population of cells within 
each tissue. 


Some adult stem cells retain the ability to form into specialized tissues other 
than the one from which they originated. For example, blood 
(hematopoietic) cells have not been proven to differentiate into nerve, 
skeletal muscle, cardiac muscle, or liver cells (see Figure 3). There is some 
evidence that brain stem cells can differentiate into blood or skeletal muscle 
cells. However, adult stem cells have a limited number of tissues they can 


differentiate into and do not have the same potential as embryonic stem 
cells to become any cell-type. 


The environment that adult stem cells grow in has an important, but poorly 
understood, effect on their fate. The relationship between the adult stem cell 
environment and its ability to differentiate into other cell-types has also not 
been fully explained. 


Cell-Types 
Adult Stem Cells* 
Have Been Grown Into 


Red and ¥Yhite Blood Cells 
Skin 

Fat 

Smooth Muscle 
Heart Muscle 
Skeletal Muscle 
Liver 

Digestive Tract 
Nerves 
Cartilage 
Pancreas 
Cornea 


Distinctions between Embryonic and Adult Stem Cells 


Most importantly, adult and embryonic stem cells differ in the type of 
differentiated cells they can become. While embryonic stem cells can be 
induced to differentiate into any cell-type, adult stem cells cannot. Most 
adult cells can only differentiate into the types of cells found in their 
environment or in the particular tissue or organ where they reside. 
Therefore in many vital organs, adults do not have the stem cells necessary 
to regenerate damaged areas; thus scar tissue will develop instead. 


Another key difference between embryonic and adult stem cells is the 
volume of cells one can isolate and grow in vitro. Large numbers of 
embryonic stem cells can be grown in vitro from a single blastocyst. On the 
contrary, adult stem cells are rare and methods of growing them still need to 


be perfected. In addition, due to their limited numbers, it is difficult to 
isolate a group of adult stem cells in pure form, without having them 
contaminated with differentiated cells. 


Potential Uses of Stem Cells 


Stem Cell Research Could Potentially Help: 


Parkinson's Alzheimer's Burns 

Spinal cord injury Stroke Heart Disease 
Diabetes Osteoarthritis Infertility 

Rheumatoid arthritis Birth Defects Pregnancy Loss 
Leukemia Brain Cancer Muscular Dystrophy 
Sickle Cell Anemia Brain Trauma/Damage Liver Disease 
Metabolic Disorders Deafness Macular Degeneration 
Retinitis Pigmentosa Organ Donation 


Stem Cells 


While stem cell research is in its infancy and many of its proposed uses are 
hypothetical, the research has generated excitement among many scientists 
for its potential. One of the vital components of ongoing work is 
understanding the very nature of these cells; that is, to determine the 
conditions necessary to maintain undifferentiated stem cells as well as 
differentiating them along specific pathways. In order to truly determine 
whether or not these cells can be used therapeutically, more research must 
be conducted to understand the nature of the cells. 


Although we are only beginning to discover what stem cells are capable of 
doing, scientists have proposed several potential uses. 


1. Abnormal Cell Division. Many serious medical conditions, such as 
cancer and birth defects, are due to abnormal cell divisions or the 
inability of cells to turn themselves on and off properly. Having a 
better understanding of stem cells and their genetic and molecular 
controls would yield information about diseases and reveal potential 
strategies for therapies. 


. Drug Testing. Stem cells could be used to test new drugs or 
medications by differentiating them to the particular cell-types that the 
drugs are targeting. This would offer a short-cut for scientists to sort 
out chemicals that can be used to treat diseases. By testing new drugs 
on stem cell lines, we could perform rapid screening of hundreds of 
thousands of chemicals that now are tested by more time-consuming 
processes. This could also potentially decrease the time that it takes to 
get a drug to market. 

. Cell-Based Therapies. Stem cells could be used for cell-based 
therapies. Stem cells could be directed to differentiate to a specific 
cell-type that then could be used as a renewable source of replacement 
cells and tissues. In order to be useful for cell-based therapies, stem 
cells must be made to: 


Differentiate into desired cell-types. It is necessary for stem cell 
techniques to be improved until they can consistently and efficiently 
differentiate into a specific cell or type of cells without contamination 
by undifferentiated or improperly differentiated cells. 


Proliferate extensively and generate sufficient quantities of tissue. The 
protocols for differentiating stem cells need to be refined so that large 
quantities of tissue can be produced in a relatively efficient manner. 


Survive in the recipient after the transplant. Scientists must determine 
that the cells are healthy and viable after transplantation. They also 
should establish that the stem cells are localized to the correct tissue in 
the recipient. 


Function appropriately for the duration of the recipient’s life. Not only 
do the cells need to be localized and survive, but they must also 
behave like the original cells. Currently, there is not sufficient data 
showing that stem cells are functional in their new environment when 
they are transplanted into organs. For cell-based therapies to be 
successful, the new cells need to function correctly and interact 
properly with the original tissue. 


Avoid harming the patient in any way. One concern about using 
undifferentiated cells or stem cells is the risk of the stem cells having 


genetic abnormalities which could cause them to be cancerous or to be 
rejected due to tissue immune incompatibility. Adequate testing is 
necessary to make sure the cells used are healthy. 


Embryonic Stem Cells 


One of the most promising uses for embryonic stem cells is the study of the 
complex events that occur during human development. The earliest stages 
of human development have previously been difficult or impossible to 
study. By using embryonic stem cells, these studies can be performed with 
the goal of preventing or treating birth defects, infertility, and pregnancy 
loss. 


The use of embryonic stem cells can also help scientists identify how 
undifferentiated cells become differentiated. Since these cells have the 
ability to become any type of cell in the adult body, they have a larger 
potential for medically viable tissues which can be derived and used in cell- 
based therapies. 
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Characteristics and Traits 
By the end of this section, you will be able to: 


e Explain the relationship between genotypes and phenotypes in 
dominant and recessive gene systems 

¢ Develop a Punnett square to calculate the expected proportions of 
genotypes and phenotypes in a monohybrid cross 

e Explain the purpose and methods of a test cross 

e Identify non-Mendelian inheritance patterns such as incomplete 
dominance, codominance, recessive lethals, multiple alleles, and sex 
linkage 


The seven characteristics that Mendel evaluated in his pea plants were each 
expressed as one of two versions, or traits. The physical expression of 
characteristics is accomplished through the expression of genes carried on 
chromosomes. The genetic makeup of peas consists of two similar or 
homologous copies of each chromosome, one from each parent. Each pair 
of homologous chromosomes has the same linear order of genes. In other 
words, peas are diploid organisms in that they have two copies of each 
chromosome. The same is true for many other plants and for virtually all 
animals. Diploid organisms utilize meiosis to produce haploid gametes, 
which contain one copy of each homologous chromosome that unite at 
fertilization to create a diploid zygote. 


For cases in which a single gene controls a single characteristic, a diploid 
organism has two genetic copies that may or may not encode the same 
version of that characteristic. Gene variants that arise by mutation and exist 
at the same relative locations on homologous chromosomes are called 
alleles. Mendel examined the inheritance of genes with just two allele 
forms, but it is common to encounter more than two alleles for any given 
gene in a natural population. 


Phenotypes and Genotypes 


Two alleles for a given gene in a diploid organism are expressed and 
interact to produce physical characteristics. The observable traits expressed 
by an organism are referred to as its phenotype. An organism’s underlying 


genetic makeup, consisting of both physically visible and non-expressed 
alleles, is called its genotype. Mendel’s hybridization experiments 
demonstrate the difference between phenotype and genotype. When true- 
breeding plants in which one parent had yellow pods and one had green 
pods were cross-fertilized, all of the F, hybrid offspring had yellow pods. 
That is, the hybrid offspring were phenotypically identical to the true- 
breeding parent with yellow pods. However, we know that the allele 
donated by the parent with green pods was not simply lost because it 
reappeared in some of the F> offspring. Therefore, the F; plants must have 
been genotypically different from the parent with yellow pods. 


The P,; plants that Mendel used in his experiments were each homozygous 
for the trait he was studying. Diploid organisms that are homozygous at a 
given gene, or locus, have two identical alleles for that gene on their 
homologous chromosomes. Mendel’s parental pea plants always bred true 
because both of the gametes produced carried the same trait. When P, 
plants with contrasting traits were cross-fertilized, all of the offspring were 
heterozygous for the contrasting trait, meaning that their genotype reflected 
that they had different alleles for the gene being examined. 


Dominant and Recessive Alleles 


Our discussion of homozygous and heterozygous organisms brings us to 
why the F, heterozygous offspring were identical to one of the parents, 
rather than expressing both alleles. In all seven pea-plant characteristics, 
one of the two contrasting alleles was dominant, and the other was 
recessive. Mendel called the dominant allele the expressed unit factor; the 
recessive allele was referred to as the latent unit factor. We now know that 
these so-called unit factors are actually genes on homologous chromosome 
pairs. For a gene that is expressed in a dominant and recessive pattern, 
homozygous dominant and heterozygous organisms will look identical (that 
is, they will have different genotypes but the same phenotype). The 
recessive allele will only be observed in homozygous recessive individuals 
({link]). 


Human Inheritance in Dominant and Recessive Patterns 


Dominant Traits Recessive Traits 
Achondroplasia Albinism 

Brachydactyly Cystic fibrosis 

Huntington’s disease Duchenne muscular dystrophy 
Marfan syndrome Galactosemia 
Neurofibromatosis Phenylketonuria 

Widow’s peak Sickle-cell anemia 

Wooly hair Tay-Sachs disease 


Several conventions exist for referring to genes and alleles. For the 
purposes of this chapter, we will abbreviate genes using the first letter of the 
gene’s corresponding dominant trait. For example, violet is the dominant 
trait for a pea plant’s flower color, so the flower-color gene would be 
abbreviated as V (note that it is customary to italicize gene designations). 
Furthermore, we will use uppercase and lowercase letters to represent 
dominant and recessive alleles, respectively. Therefore, we would refer to 
the genotype of a homozygous dominant pea plant with violet flowers as 
VV, a homozygous recessive pea plant with white flowers as vv, anda 
heterozygous pea plant with violet flowers as Vv. 


The Punnett Square Approach for a Monohybrid Cross 


When fertilization occurs between two true-breeding parents that differ in 
only one characteristic, the process is called a monohybrid cross, and the 
resulting offspring are monohybrids. Mendel performed seven monohybrid 
crosses involving contrasting traits for each characteristic. On the basis of 
his results in F; and F5 generations, Mendel postulated that each parent in 


the monohybrid cross contributed one of two paired unit factors to each 
offspring, and every possible combination of unit factors was equally likely. 


To demonstrate a monohybrid cross, consider the case of true-breeding pea 
plants with yellow versus green pea seeds. The dominant seed color is 
yellow; therefore, the parental genotypes were YY for the plants with yellow 
seeds and yy for the plants with green seeds, respectively. A Punnett 
square, devised by the British geneticist Reginald Punnett, can be drawn 
that applies the rules of probability to predict the possible outcomes of a 
genetic cross or mating and their expected frequencies. To prepare a Punnett 
square, all possible combinations of the parental alleles are listed along the 
top (for one parent) and side (for the other parent) of a grid, representing 
their meiotic segregation into haploid gametes. Then the combinations of 
egg and sperm are made in the boxes in the table to show which alleles are 
combining. Each box then represents the diploid genotype of a zygote, or 
fertilized egg, that could result from this mating. Because each possibility is 
equally likely, genotypic ratios can be determined from a Punnett square. If 
the pattern of inheritance (dominant or recessive) is known, the phenotypic 
ratios can be inferred as well. For a monohybrid cross of two true-breeding 
parents, each parent contributes one type of allele. In this case, only one 
genotype is possible. All offspring are Yy and have yellow seeds ({link]). 


Genotype Phenotype 
Phenotypes Genotypes ratio ratio 


In the P generation, pea plants that 
are true-breeding for the dominant 
yellow phenotype are crossed with 
plants with the recessive green 
phenotype. This cross produces F; 
heterozygotes with a yellow 
phenotype. Punnett square 
analysis can be used to predict the 
genotypes of the F> generation. 


A self-cross of one of the Yy heterozygous offspring can be represented in a 
2 x 2 Punnett square because each parent can donate one of two different 
alleles. Therefore, the offspring can potentially have one of four allele 


combinations: YY, Yy, yY, or yy ({link]). Notice that there are two ways to 
obtain the Yy genotype: a Y from the egg and a y from the sperm, or a y 
from the egg and a Y from the sperm. Both of these possibilities must be 
counted. Recall that Mendel’s pea-plant characteristics behaved in the same 
way in reciprocal crosses. Therefore, the two possible heterozygous 
combinations produce offspring that are genotypically and phenotypically 
identical despite their dominant and recessive alleles deriving from different 
parents. They are grouped together. Because fertilization is a random event, 
we expect each combination to be equally likely and for the offspring to 
exhibit a ratio of YY:Yy:yy genotypes of 1:2:1 ({link]). Furthermore, because 
the YY and Yy offspring have yellow seeds and are phenotypically identical, 
applying the sum rule of probability, we expect the offspring to exhibit a 
phenotypic ratio of 3 yellow:1 green. Indeed, working with large sample 
sizes, Mendel observed approximately this ratio in every F> generation 
resulting from crosses for individual traits. 


Mendel validated these results by performing an F3 cross in which he self- 
crossed the dominant- and recessive-expressing F5 plants. When he self- 
crossed the plants expressing green seeds, all of the offspring had green 
seeds, confirming that all green seeds had homozygous genotypes of yy. 
When he self-crossed the F> plants expressing yellow seeds, he found that 
one-third of the plants bred true, and two-thirds of the plants segregated at a 
3:1 ratio of yellow:green seeds. In this case, the true-breeding plants had 
homozygous (YY) genotypes, whereas the segregating plants corresponded 
to the heterozygous (Yy) genotype. When these plants self-fertilized, the 
outcome was just like the F, self-fertilizing cross. 


The Test Cross Distinguishes the Dominant Phenotype 


Beyond predicting the offspring of a cross between known homozygous or 
heterozygous parents, Mendel also developed a way to determine whether 
an organism that expressed a dominant trait was a heterozygote or a 
homozygote. Called the test cross, this technique is still used by plant and 
animal breeders. In a test cross, the dominant-expressing organism is 
crossed with an organism that is homozygous recessive for the same 
characteristic. If the dominant-expressing organism is a homozygote, then 


all F, offspring will be heterozygotes expressing the dominant trait ({link]). 
Alternatively, if the dominant expressing organism is a heterozygote, the F, 
offspring will exhibit a 1:1 ratio of heterozygotes and recessive 
homozygotes ([link]). The test cross further validates Mendel’s postulate 
that pairs of unit factors segregate equally. 


Note: 
Art Connection 


A test cross can be performed to 
determine whether an organism 
expressing a dominant trait is a 
homozygote or a heterozygote. 


In pea plants, round peas (R) are dominant to wrinkled peas (r). You do a 
test cross between a pea plant with wrinkled peas (genotype rr) and a plant 
of unknown genotype that has round peas. You end up with three plants, all 


which have round peas. From this data, can you tell if the round pea parent 
plant is homozygous dominant or heterozygous? If the round pea parent 
plant is heterozygous, what is the probability that a random sample of 3 
progeny peas will all be round? 


Many human diseases are genetically inherited. A healthy person in a 
family in which some members suffer from a recessive genetic disorder 
may want to know if he or she has the disease-causing gene and what risk 
exists of passing the disorder on to his or her offspring. Of course, doing a 
test cross in humans is unethical and impractical. Instead, geneticists use 
pedigree analysis to study the inheritance pattern of human genetic 
diseases ({link]). 


Note: 


Art Connection 
Pedigree Analysis for Alkaptonuria 


First 
generation 


Second 
generation 


Third 
generation 


Fourth 
generation 


| Male O Female im Unaffected im Affected 


Alkaptonuria is a recessive genetic 
disorder in which two amino 
acids, phenylalanine and tyrosine, 
are not properly metabolized. 
Affected individuals may have 


darkened skin and brown urine, 
and may suffer joint damage and 
other complications. In this 
pedigree, individuals with the 
disorder are indicated in blue and 
have the genotype aa. Unaffected 
individuals are indicated in yellow 
and have the genotype AA or Aa. 
Note that it is often possible to 
determine a person’s genotype 
from the genotype of their 
offspring. For example, if neither 
parent has the disorder but their 
child does, they must be 
heterozygous. Two individuals on 
the pedigree have an unaffected 
phenotype but unknown genotype. 
Because they do not have the 
disorder, they must have at least 
one normal allele, so their 
genotype gets the “A?” 
designation. 


What are the genotypes of the individuals labeled 1, 2 and 3? 


Alternatives to Dominance and Recessiveness 


Mendel’s experiments with pea plants suggested that: (1) two “units” or 
alleles exist for every gene; (2) alleles maintain their integrity in each 
generation (no blending); and (3) in the presence of the dominant allele, the 
recessive allele is hidden and makes no contribution to the phenotype. 
Therefore, recessive alleles can be “carried” and not expressed by 
individuals. Such heterozygous individuals are sometimes referred to as 
“carriers.” Further genetic studies in other plants and animals have shown 


that much more complexity exists, but that the fundamental principles of 
Mendelian genetics still hold true. In the sections to follow, we consider 
some of the extensions of Mendelism. If Mendel had chosen an 
experimental system that exhibited these genetic complexities, it’s possible 
that he would not have understood what his results meant. 


Incomplete Dominance 


Mendel’s results, that traits are inherited as dominant and recessive pairs, 
contradicted the view at that time that offspring exhibited a blend of their 
parents’ traits. However, the heterozygote phenotype occasionally does 
appear to be intermediate between the two parents. For example, in the 
snapdragon, Antirrhinum majus ({link]), a cross between a homozygous 
parent with white flowers (C“C™) and a homozygous parent with red 
flowers (CRC®) will produce offspring with pink flowers (C®C™). (Note that 
different genotypic abbreviations are used for Mendelian extensions to 
distinguish these patterns from simple dominance and recessiveness.) This 
pattern of inheritance is described as incomplete dominance, denoting the 
expression of two contrasting alleles such that the individual displays an 
intermediate phenotype. The allele for red flowers is incompletely dominant 
over the allele for white flowers. However, the results of a heterozygote 
self-cross can still be predicted, just as with Mendelian dominant and 
recessive crosses. In this case, the genotypic ratio would be 1 C®C®:2 
CRCW:1 CYC, and the phenotypic ratio would be 1:2:1 for red:pink:white. 


These pink flowers of a 
heterozygote snapdragon result 
from incomplete dominance. 
(credit: 
“storebukkebruse”/Flickr) 


Codominance 


A variation on incomplete dominance is codominance, in which both 
alleles for the same characteristic are simultaneously expressed in the 
heterozygote. An example of codominance is the MN blood groups of 
humans. The M and N alleles are expressed in the form of an M or N 
antigen present on the surface of red blood cells. Homozygotes (LML™ and 
LNLN) express either the M or the N allele, and heterozygotes (LML) 
express both alleles equally. In a self-cross between heterozygotes 


expressing a codominant trait, the three possible offspring genotypes are 
phenotypically distinct. However, the 1:2:1 genotypic ratio characteristic of 
a Mendelian monohybrid cross still applies. 


Multiple Alleles 


Mendel implied that only two alleles, one dominant and one recessive, 
could exist for a given gene. We now know that this is an 
oversimplification. Although individual humans (and all diploid organisms) 
can only have two alleles for a given gene, multiple alleles may exist at the 
population level such that many combinations of two alleles are observed. 
Note that when many alleles exist for the same gene, the convention is to 
denote the most common phenotype or genotype among wild animals as the 
wild type (often abbreviated “+”); this is considered the standard or norm. 
All other phenotypes or genotypes are considered variants of this standard, 
meaning that they deviate from the wild type. The variant may be recessive 
or dominant to the wild-type allele. 


An example of multiple alleles is coat color in rabbits ([link]). Here, four 
alleles exist for the c gene. The wild-type version, C*C™, is expressed as 
brown fur. The chinchilla phenotype, c“'c“", is expressed as black-tipped 
white fur. The Himalayan phenotype, c’c", has black fur on the extremities 
and white fur elsewhere. Finally, the albino, or “colorless” phenotype, cc, is 
expressed as white fur. In cases of multiple alleles, dominance hierarchies 
can exist. In this case, the wild-type allele is dominant over all the others, 
chinchilla is incompletely dominant over Himalayan and albino, and 
Himalayan is dominant over albino. This hierarchy, or allelic series, was 
revealed by observing the phenotypes of each possible heterozygote 
offspring. 


Allele 


Genotype 


Phenotype 


Four different alleles exist for the rabbit coat color 
(C) gene. 


The complete dominance of a wild-type phenotype over all other mutants 
often occurs as an effect of “dosage” of a specific gene product, such that 
the wild-type allele supplies the correct amount of gene product whereas the 
mutant alleles cannot. For the allelic series in rabbits, the wild-type allele 
may supply a given dosage of fur pigment, whereas the mutants supply a 
lesser dosage or none at all. Interestingly, the Himalayan phenotype is the 
result of an allele that produces a temperature-sensitive gene product that 
only produces pigment in the cooler extremities of the rabbit’s body. 


Alternatively, one mutant allele can be dominant over all other phenotypes, 
including the wild type. This may occur when the mutant allele somehow 
interferes with the genetic message so that even a heterozygote with one 
wild-type allele copy expresses the mutant phenotype. One way in which 
the mutant allele can interfere is by enhancing the function of the wild-type 
gene product or changing its distribution in the body. One example of this is 
the Antennapedia mutation in Drosophila ({link]). In this case, the mutant 
allele expands the distribution of the gene product, and as a result, the 


Antennapedia heterozygote develops legs on its head where its antennae 
should be. 


As seen in comparing the 
wild-type Drosophila 
(left) and the 
Antennapedia mutant 
(right), the Antennapedia 
mutant has legs on its 
head in place of antennae. 


Note: 

Evolution Connection 

Multiple Alleles Confer Drug Resistance in the Malaria Parasite 
Malaria is a parasitic disease in humans that is transmitted by infected 
female mosquitoes, including Anopheles gambiae ({link]a), and is 
characterized by cyclic high fevers, chills, flu-like symptoms, and severe 
anemia. Plasmodium falciparum and P. vivax are the most common 
causative agents of malaria, and P. falciparum is the most deadly ({link]b). 
When promptly and correctly treated, P. falciparum malaria has a mortality 


rate of 0.1 percent. However, in some parts of the world, the parasite has 
evolved resistance to commonly used malaria treatments, so the most 
effective malarial treatments can vary by geographic region. 


The (a) Anopheles gambiae, or African malaria 
mosquito, acts as a vector in the transmission to 
humans of the malaria-causing parasite (b) 
Plasmodium falciparum, here visualized using 
false-color transmission electron microscopy. 
(credit a: James D. Gathany; credit b: Ute 
Frevert; false color by Margaret Shear; scale-bar 
data from Matt Russell) 


In Southeast Asia, Africa, and South America, P. falciparum has developed 
resistance to the anti-malarial drugs chloroquine, mefloquine, and 
sulfadoxine-pyrimethamine. P. falciparum, which is haploid during the life 
stage in which it is infectious to humans, has evolved multiple drug- 
resistant mutant alleles of the dhps gene. Varying degrees of sulfadoxine 
resistance are associated with each of these alleles. Being haploid, P. 
falciparum needs only one drug-resistant allele to express this trait. 

In Southeast Asia, different sulfadoxine-resistant alleles of the dhps gene 
are localized to different geographic regions. This is a common 
evolutionary phenomenon that occurs because drug-resistant mutants arise 
in a population and interbreed with other P. falciparum isolates in close 
proximity. Sulfadoxine-resistant parasites cause considerable human 
hardship in regions where this drug is widely used as an over-the-counter 
malaria remedy. As is common with pathogens that multiply to large 


numbers within an infection cycle, P. falciparum evolves relatively rapidly 
(over a decade or so) in response to the selective pressure of commonly 
used anti-malarial drugs. For this reason, scientists must constantly work to 
develop new drugs or drug combinations to combat the worldwide malaria 
burden. eomote) 

Sumiti Vinayak, et al., “Origin and Evolution of Sulfadoxine Resistant 
Plasmodium falciparum,” Public Library of Science Pathogens 6, no. 3 
(2010): e1000830, doi:10.1371/journal.ppat. 1000830. 


X-Linked Traits 


In humans, as well as in many other animals and some plants, the sex of the 
individual is determined by sex chromosomes. The sex chromosomes are 
one pair of non-homologous chromosomes. Until now, we have only 
considered inheritance patterns among non-sex chromosomes, or 
autosomes. In addition to 22 homologous pairs of autosomes, human 
females have a homologous pair of X chromosomes, whereas human males 
have an XY chromosome pair. Although the Y chromosome contains a 
small region of similarity to the X chromosome so that they can pair during 
meiosis, the Y chromosome is much shorter and contains many fewer 
genes. When a gene being examined is present on the X chromosome, but 
not on the Y chromosome, it is said to be X-linked. 


Eye color in Drosophila was one of the first X-linked traits to be identified. 
Thomas Hunt Morgan mapped this trait to the X chromosome in 1910. Like 
humans, Drosophila males have an XY chromosome pair, and females are 
XX. In flies, the wild-type eye color is red (X”) and it is dominant to white 
eye color (X”) ([link]). Because of the location of the eye-color gene, 
reciprocal crosses do not produce the same offspring ratios. Males are said 
to be hemizygous, because they have only one allele for any X-linked 
characteristic. Hemizygosity makes the descriptions of dominance and 
recessiveness irrelevant for XY males. Drosophila males lack a second 
allele copy on the Y chromosome; that is, their genotype can only be X”Y 
or XY. In contrast, females have two allele copies of this gene and can be 
KK KY Or KKM, 


In Drosophila, several 
genes determine eye 
color. The genes for 
white and vermilion 

eye colors are located 

on the X 
chromosome. Others 
are located on the 
autosomes. Clockwise 
from top left are 
brown, cinnabar, 
sepia, vermilion, 
white, and red. Red 
eye color is wild-type 
and is dominant to 
white eye color. 


In an X-linked cross, the genotypes of F, and F> offspring depend on 
whether the recessive trait was expressed by the male or the female in the 
P, generation. With regard to Drosophila eye color, when the P; male 
expresses the white-eye phenotype and the female is homozygous red-eyed, 
all members of the F, generation exhibit red eyes ({link]). The F, females 


are heterozygous (XX), and the males are all XY, having received their 
X chromosome from the homozygous dominant P; female and their Y 
chromosome from the P,; male. A subsequent cross between the X“XW 
female and the X“Y male would produce only red-eyed females (with 
XX or XX” genotypes) and both red- and white-eyed males (with X“Y 
or XY genotypes). Now, consider a cross between a homozygous white- 
eyed female and a male with red eyes. The F; generation would exhibit only 
heterozygous red-eyed females (XX) and only white-eyed males (X”’Y). 
Half of the F, females would be red-eyed (X“X™) and half would be white- 
eyed (X”X”). Similarly, half of the F7 males would be red-eyed (XY) and 
half would be white-eyed (XY). 


Note: 
Art Connection 


Punnett Square Analysis of a Sex-linked Trait 


All female offspring 
have red eyes. 


All male offspring 
have white eyes. 


Punnett square analysis is used to determine 
the ratio of offspring from a cross between a 


red-eyed male fruit fly and a white-eyed 
female fruit fly. 


What ratio of offspring would result from a cross between a white-eyed 
male and a female that is heterozygous for red eye color? 


Discoveries in fruit fly genetics can be applied to human genetics. When a 
female parent is homozygous for a recessive X-linked trait, she will pass the 
trait on to 100 percent of her offspring. Her male offspring are, therefore, 
destined to express the trait, as they will inherit their father's Y 
chromosome. In humans, the alleles for certain conditions (some forms of 
color blindness, hemophilia, and muscular dystrophy) are X-linked. 
Females who are heterozygous for these diseases are said to be carriers and 
may not exhibit any phenotypic effects. These females will pass the disease 
to half of their sons and will pass carrier status to half of their daughters; 
therefore, recessive X-linked traits appear more frequently in males than 
females. 


In some groups of organisms with sex chromosomes, the sex with the non- 
homologous sex chromosomes is the female rather than the male. This is 
the case for all birds. In this case, sex-linked traits will be more likely to 
appear in the female, in which they are hemizygous. 


Human Sex-linked Disorders 


Sex-linkage studies in Morgan’s laboratory provided the fundamentals for 
understanding X-linked recessive disorders in humans, which include red- 
green color blindness, and Types A and B hemophilia. Because human 
males need to inherit only one recessive mutant X allele to be affected, X- 
linked disorders are disproportionately observed in males. Females must 
inherit recessive X-linked alleles from both of their parents in order to 
express the trait. When they inherit one recessive X-linked mutant allele 
and one dominant X-linked wild-type allele, they are carriers of the trait and 
are typically unaffected. Carrier females can manifest mild forms of the trait 


due to the inactivation of the dominant allele located on one of the X 
chromosomes. However, female carriers can contribute the trait to their 
sons, resulting in the son exhibiting the trait, or they can contribute the 
recessive allele to their daughters, resulting in the daughters being carriers 
of the trait ([link]). Although some Y-linked recessive disorders exist, 
typically they are associated with infertility in males and are therefore not 
transmitted to subsequent generations. 


Unaffected father Unaffected, 
carrier mother 


Dominant —@ f8—— X-linked, 
allele recessive allele 


XX 
[Affected 


[J Unaffected 


Unaffected Unaffected Affected Unaffected 
son daughter son carrier daughter 


The son of a woman who is a carrier 
of a recessive X-linked disorder will 
have a 50 percent chance of being 
affected. A daughter will not be 
affected, but she will have a 50 
percent chance of being a carrier like 
her mother. 


Note: 
Link to Learning 
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Watch this video to learn more about sex-linked traits. 
https://www.openstaxcollege.org/I/sex-linked trts 


Lethality 


A large proportion of genes in an individual’s genome are essential for 
survival. Occasionally, a nonfunctional allele for an essential gene can arise 
by mutation and be transmitted in a population as long as individuals with 
this allele also have a wild-type, functional copy. The wild-type allele 
functions at a capacity sufficient to sustain life and is therefore considered 
to be dominant over the nonfunctional allele. However, consider two 
heterozygous parents that have a genotype of wild-type/nonfunctional 
mutant for a hypothetical essential gene. In one quarter of their offspring, 
we would expect to observe individuals that are homozygous recessive for 
the nonfunctional allele. Because the gene is essential, these individuals 
might fail to develop past fertilization, die in utero, or die later in life, 
depending on what life stage requires this gene. An inheritance pattern in 
which an allele is only lethal in the homozygous form and in which the 
heterozygote may be normal or have some altered non-lethal phenotype is 
referred to as recessive lethal. 


For crosses between heterozygous individuals with a recessive lethal allele 
that causes death before birth when homozygous, only wild-type 
homozygotes and heterozygotes would be observed. The genotypic ratio 
would therefore be 2:1. In other instances, the recessive lethal allele might 
also exhibit a dominant (but not lethal) phenotype in the heterozygote. For 


instance, the recessive lethal Curly allele in Drosophila affects wing shape 
in the heterozygote form but is lethal in the homozygote. 


A single copy of the wild-type allele is not always sufficient for normal 
functioning or even survival. The dominant lethal inheritance pattern is 
one in which an allele is lethal both in the homozygote and the 
heterozygote; this allele can only be transmitted if the lethality phenotype 
occurs after reproductive age. Individuals with mutations that result in 
dominant lethal alleles fail to survive even in the heterozygote form. 
Dominant lethal alleles are very rare because, as you might expect, the 
allele only lasts one generation and is not transmitted. However, just as the 
recessive lethal allele might not immediately manifest the phenotype of 
death, dominant lethal alleles also might not be expressed until adulthood. 
Once the individual reaches reproductive age, the allele may be 
unknowingly passed on, resulting in a delayed death in both generations. 
An example of this in humans is Huntington’s disease, in which the nervous 
system gradually wastes away ([link]). People who are heterozygous for the 
dominant Huntington allele (Hh) will inevitably develop the fatal disease. 
However, the onset of Huntington’s disease may not occur until age 40, at 
which point the afflicted persons may have already passed the allele to 50 
percent of their offspring. 


The neuron in the center of 
this micrograph (yellow) has 
nuclear inclusions 
characteristic of Huntington’s 
disease (orange area in the 
center of the neuron). 
Huntington’s disease occurs 
when an abnormal dominant 
allele for the Huntington gene 
is present. (credit: Dr. Steven 
Finkbeiner, Gladstone 
Institute of Neurological 
Disease, The Taube-Koret 
Center for Huntington's 
Disease Research, and the 
University of California San 

Francisco/Wikimedia) 


Section Summary 


When true-breeding or homozygous individuals that differ for a certain trait 
are crossed, all of the offspring will be heterozygotes for that trait. If the 
traits are inherited as dominant and recessive, the F, offspring will all 
exhibit the same phenotype as the parent homozygous for the dominant 
trait. If these heterozygous offspring are self-crossed, the resulting F>5 
offspring will be equally likely to inherit gametes carrying the dominant or 
recessive trait, giving rise to offspring of which one quarter are 
homozygous dominant, half are heterozygous, and one quarter are 
homozygous recessive. Because homozygous dominant and heterozygous 
individuals are phenotypically identical, the observed traits in the F> 
offspring will exhibit a ratio of three dominant to one recessive. 


Alleles do not always behave in dominant and recessive patterns. 
Incomplete dominance describes situations in which the heterozygote 
exhibits a phenotype that is intermediate between the homozygous 
phenotypes. Codominance describes the simultaneous expression of both of 
the alleles in the heterozygote. Although diploid organisms can only have 
two alleles for any given gene, it is common for more than two alleles of a 
gene to exist in a population. In humans, as in many animals and some 
plants, females have two X chromosomes and males have one X and one Y 
chromosome. Genes that are present on the X but not the Y chromosome 
are said to be X-linked, such that males only inherit one allele for the gene, 
and females inherit two. Finally, some alleles can be lethal. Recessive lethal 
alleles are only lethal in homozygotes, but dominant lethal alleles are fatal 
in heterozygotes as well. 


Art Connections 


Exercise: 


Problem: 


[link] In pea plants, round peas (R) are dominant to wrinkled peas (r). 
You do a test cross between a pea plant with wrinkled peas (genotype 
rr) and a plant of unknown genotype that has round peas. You end up 
with three plants, all which have round peas. From this data, can you 
tell if the round pea parent plant is homozygous dominant or 
heterozygous? If the round pea parent plant is heterozygous, what is 
the probability that a random sample of 3 progeny peas will all be 
round? 


Solution: 


[link] You cannot be sure if the plant is homozygous or heterozygous 
as the data set is too small: by random chance, all three plants might 
have acquired only the dominant gene even if the recessive one is 
present. If the round pea parent is heterozygous, there is a one-eighth 
probability that a random sample of three progeny peas will all be 
round. 


Exercise: 


Problem: 
[link] What are the genotypes of the individuals labeled 1, 2 and 3? 
Solution: 


[link] Individual 1 has the genotype aa. Individual 2 has the genotype 
Aa. Individual 3 has the genotype Aa. 

Exercise: 
Problem: 


[link] What ratio of offspring would result from a cross between a 
white-eyed male and a female that is heterozygous for red eye color? 


Solution: 


[link] Half of the female offspring would be heterozygous (XX) 
with red eyes, and half would be homozygous recessive (X“X™) with 
white eyes. Half of the male offspring would be hemizygous dominant 
(XY) withe red yes, and half would be hemizygous recessive (XY) 
with white eyes. 


Review Questions 


Exercise: 


Problem: 


The observable traits expressed by an organism are described as its 


a. phenotype 
b. genotype 
c. alleles 

d. zygote 


Solution: 


A 
Exercise: 
Problem: 


A recessive trait will be observed in individuals that are for 
that trait. 


a. heterozygous 

b. homozygous or heterozygous 
c. homozygous 

d. diploid 


Solution: 


C 
Exercise: 


Problem: 


If black and white true-breeding mice are mated and the result is all 
gray offspring, what inheritance pattern would this be indicative of? 


a. dominance 

b. codominance 

c. multiple alleles 

d. incomplete dominance 


Solution: 


D 
Exercise: 


Problem: 


The ABO blood groups in humans are expressed as the I4, [?, and i 
alleles. The I“ allele encodes the A blood group antigen, I® encodes B, 
and i encodes O. Both A and B are dominant to O. If a heterozygous 
blood type A parent (Ii) and a heterozygous blood type B parent (Ii) 
mate, one quarter of their offspring will have AB blood type (IF*) in 
which both antigens are expressed equally. Therefore, ABO blood 
groups are an example of: 


a. multiple alleles and incomplete dominance 
b. codominance and incomplete dominance 
c. incomplete dominance only 

d. multiple alleles and codominance 


Solution: 


D 


Exercise: 


Problem: 


In a mating between two individuals that are heterozygous for a 
recessive lethal allele that is expressed in utero, what genotypic ratio 
(homozygous dominant:heterozygous:homozygous recessive) would 
you expect to observe in the offspring? 


a. 1:2:1 
bs 37141 
Col) 
aU2271. 


Solution: 


C 


Free Response 


Exercise: 


Problem: 


The gene for flower position in pea plants exists as axial or terminal 
alleles. Given that axial is dominant to terminal, list all of the possible 
F, and F, genotypes and phenotypes from a cross involving parents 
that are homozygous for each trait. Express genotypes with 
conventional genetic abbreviations. 


Solution: 


Because axial is dominant, the gene would be designated as A. F; 
would be all heterozygous Aa with axial phenotype. F) would have 
possible genotypes of AA, Aa, and aa; these would correspond to axial, 
axial, and terminal phenotypes, respectively. 


Exercise: 


Problem: 


Use a Punnett square to predict the offspring in a cross between a 
dwarf pea plant (homozygous recessive) and a tall pea plant 
(heterozygous). What is the phenotypic ratio of the offspring? 


Solution: 


The Punnett square would be 2 x 2 and will have T and T along the 
top, and T and t along the left side. Clockwise from the top left, the 
genotypes listed within the boxes will be Tt, Tt, tt, and tt. The 
phenotypic ratio will be 1 tall:1 dwarf. 


Exercise: 
Problem:Can a human male be a carrier of red-green color blindness? 
Solution: 
No, males can only express color blindness. They cannot carry it 
because an individual needs two X chromosomes to be a carrier. 
Glossary 


allele 
gene variations that arise by mutation and exist at the same relative 
locations on homologous chromosomes 


autosomes 
any of the non-sex chromosomes 


codominance 
in a heterozygote, complete and simultaneous expression of both 
alleles for the same characteristic 


dominant lethal 


inheritance pattern in which an allele is lethal both in the homozygote 
and the heterozygote; this allele can only be transmitted if the lethality 
phenotype occurs after reproductive age 


genotype 
underlying genetic makeup, consisting of both physically visible and 
non-expressed alleles, of an organism 


hemizygous 
presence of only one allele for a characteristic, as in X-linkage; 
hemizygosity makes descriptions of dominance and recessiveness 
irrelevant 


heterozygous 
having two different alleles for a given gene on the homologous 
chromosome 


homozygous 
having two identical alleles for a given gene on the homologous 
chromosome 


incomplete dominance 
in a heterozygote, expression of two contrasting alleles such that the 
individual displays an intermediate phenotype 


monohybrid 
result of a cross between two true-breeding parents that express 
different traits for only one characteristic 


phenotype 
observable traits expressed by an organism 


Punnett square 
visual representation of a cross between two individuals in which the 
gametes of each individual are denoted along the top and side of a 
grid, respectively, and the possible zygotic genotypes are recombined 
at each box in the grid 


recessive lethal 
inheritance pattern in which an allele is only lethal in the homozygous 
form; the heterozygote may be normal or have some altered, non-lethal 
phenotype 


sex-linked 
any gene on a sex chromosome 


test cross 
cross between a dominant expressing individual with an unknown 
genotype and a homozygous recessive individual; the offspring 
phenotypes indicate whether the unknown parent is heterozygous or 
homozygous for the dominant trait 


X-linked 
gene present on the X, but not the Y chromosome 


Laws of Inheritance 
By the end of this section, you will be able to: 


e Explain Mendel’s law of segregation and independent assortment in 
terms of genetics and the events of meiosis 

e Use the forked-line method and the probability rules to calculate the 
probability of genotypes and phenotypes from multiple gene crosses 

e Explain the effect of linkage and recombination on gamete genotypes 

e Explain the phenotypic outcomes of epistatic effects between genes 


Mendel generalized the results of his pea-plant experiments into four 
postulates, some of which are sometimes called “laws,” that describe the 
basis of dominant and recessive inheritance in diploid organisms. As you 
have learned, more complex extensions of Mendelism exist that do not 
exhibit the same F, phenotypic ratios (3:1). Nevertheless, these laws 
summarize the basics of classical genetics. 


Pairs of Unit Factors, or Genes 


Mendel proposed first that paired unit factors of heredity were transmitted 
faithfully from generation to generation by the dissociation and 
reassociation of paired factors during gametogenesis and fertilization, 
respectively. After he crossed peas with contrasting traits and found that the 
recessive trait resurfaced in the F> generation, Mendel deduced that 
hereditary factors must be inherited as discrete units. This finding 
contradicted the belief at that time that parental traits were blended in the 
offspring. 


Alleles Can Be Dominant or Recessive 


Mendel’s law of dominance states that in a heterozygote, one trait will 
conceal the presence of another trait for the same characteristic. Rather than 
both alleles contributing to a phenotype, the dominant allele will be 
expressed exclusively. The recessive allele will remain “latent” but will be 
transmitted to offspring by the same manner in which the dominant allele is 
transmitted. The recessive trait will only be expressed by offspring that 


have two copies of this allele ({link]), and these offspring will breed true 
when self-crossed. 


Since Mendel’s experiments with pea plants, other researchers have found 
that the law of dominance does not always hold true. Instead, several 
different patterns of inheritance have been found to exist. 


The child in the photo 
expresses albinism, a 
recessive trait. 


Equal Segregation of Alleles 


Observing that true-breeding pea plants with contrasting traits gave rise to 
F, generations that all expressed the dominant trait and F) generations that 
expressed the dominant and recessive traits in a 3:1 ratio, Mendel proposed 
the law of segregation. This law states that paired unit factors (genes) must 
segregate equally into gametes such that offspring have an equal likelihood 


of inheriting either factor. For the Fy generation of a monohybrid cross, the 
following three possible combinations of genotypes could result: 
homozygous dominant, heterozygous, or homozygous recessive. Because 
heterozygotes could arise from two different pathways (receiving one 
dominant and one recessive allele from either parent), and because 
heterozygotes and homozygous dominant individuals are phenotypically 
identical, the law supports Mendel’s observed 3:1 phenotypic ratio. The 
equal segregation of alleles is the reason we can apply the Punnett square to 
accurately predict the offspring of parents with known genotypes. The 
physical basis of Mendel’s law of segregation is the first division of 
meiosis, in which the homologous chromosomes with their different 
versions of each gene are segregated into daughter nuclei. The role of the 
meiotic segregation of chromosomes in sexual reproduction was not 
understood by the scientific community during Mendel’s lifetime. 


Independent Assortment 


Mendel’s law of independent assortment states that genes do not 
influence each other with regard to the sorting of alleles into gametes, and 
every possible combination of alleles for every gene is equally likely to 
occur. The independent assortment of genes can be illustrated by the 
dihybrid cross, a cross between two true-breeding parents that express 
different traits for two characteristics. Consider the characteristics of seed 
color and seed texture for two pea plants, one that has green, wrinkled seeds 
(yyrr) and another that has yellow, round seeds (YYRR). Because each 
parent is homozygous, the law of segregation indicates that the gametes for 
the green/wrinkled plant all are yr, and the gametes for the yellow/round 
plant are all YR. Therefore, the F, generation of offspring all are YyRr 
([link]). 


Note: 
Art Connection 


This dihybrid cross of pea plants involves 
the genes for seed color and texture. 


In pea plants, purple flowers (P) are dominant to white flowers (p) and 
yellow peas (Y) are dominant to green peas (y). What are the possible 
genotypes and phenotypes for a cross between PpYY and ppYy pea plants? 
How many squares do you need to do a Punnett square analysis of this 
cross? 


For the F2 generation, the law of segregation requires that each gamete 
receive either an R allele or an r allele along with either a Y allele or a y 
allele. The law of independent assortment states that a gamete into which an 
r allele sorted would be equally likely to contain either a Y allele or a y 
allele. Thus, there are four equally likely gametes that can be formed when 
the YyRr heterozygote is self-crossed, as follows: YR, Yr, yR, and yr. 
Arranging these gametes along the top and left of a 4 x 4 Punnett square 
({link]) gives us 16 equally likely genotypic combinations. From these 
genotypes, we infer a phenotypic ratio of 9 round/yellow:3 round/green:3 


wrinkled/yellow:1 wrinkled/green ([link]). These are the offspring ratios we 
would expect, assuming we performed the crosses with a large enough 
sample size. 


Because of independent assortment and dominance, the 9:3:3:1 dihybrid 
phenotypic ratio can be collapsed into two 3:1 ratios, characteristic of any 
monohybrid cross that follows a dominant and recessive pattern. Ignoring 
seed color and considering only seed texture in the above dihybrid cross, we 
would expect that three quarters of the F) generation offspring would be 
round, and one quarter would be wrinkled. Similarly, isolating only seed 
color, we would assume that three quarters of the F> offspring would be 
yellow and one quarter would be green. The sorting of alleles for texture 
and color are independent events, so we can apply the product rule. 
Therefore, the proportion of round and yellow F> offspring is expected to be 
(3/4) x (3/4) = 9/16, and the proportion of wrinkled and green offspring is 
expected to be (1/4) x (1/4) = 1/16. These proportions are identical to those 
obtained using a Punnett square. Round, green and wrinkled, yellow 
offspring can also be calculated using the product rule, as each of these 
genotypes includes one dominant and one recessive phenotype. Therefore, 
the proportion of each is calculated as (3/4) x (1/4) = 3/16. 


The law of independent assortment also indicates that a cross between 
yellow, wrinkled (YYrr) and green, round (yyRR) parents would yield the 
same F, and F> offspring as in the YYRR x yyrr cross. 


The physical basis for the law of independent assortment also lies in 
meiosis I, in which the different homologous pairs line up in random 
orientations. Each gamete can contain any combination of paternal and 
maternal chromosomes (and therefore the genes on them) because the 
orientation of tetrads on the metaphase plane is random. 


Forked-Line Method 


When more than two genes are being considered, the Punnett-square 
method becomes unwieldy. For instance, examining a cross involving four 
genes would require a 16 x 16 grid containing 256 boxes. It would be 


extremely cumbersome to manually enter each genotype. For more complex 
crosses, the forked-line and probability methods are preferred. 


To prepare a forked-line diagram for a cross between F, heterozygotes 
resulting from a cross between AABBCC and aabbcc parents, we first create 
rows equal to the number of genes being considered, and then segregate the 
alleles in each row on forked lines according to the probabilities for 
individual monohybrid crosses ([link]). We then multiply the values along 
each forked path to obtain the F, offspring probabilities. Note that this 
process is a diagrammatic version of the product rule. The values along 
each forked pathway can be multiplied because each gene assorts 
independently. For a trihybrid cross, the F) phenotypic ratio is 

27 INL, 


3 yellow 1 green 
1 wrinkled 1 wrinkled 


3 tall 1 dwarf 3 tall 1 dwarf 3 tall 1 dwarf 3 tall 1 dwarf 


§ wv ¥ Fs & FF ¥ Fg 


3x3x3= 3x3x1= 3x1x3= 3x1x1= 1x3x3= 1x3x1= 1x1x3= 1x1x1= 

27 yellow 9 yellow 9 yellow 3 yellow 9 green 3 green 3 green 1 green 
round round wrinkled wrinkled round round wrinkled wrinkled 
tall dwarf tall dwarf tall dwarf I dwarf 


The forked-line method can be used to analyze a trihybrid 
cross. Here, the probability for color in the F generation 
occupies the top row (3 yellow:1 green). The probability for 
shape occupies the second row (3 round:1 wrinked), and the 
probability for height occupies the third row (3 tall:1 dwarf). 
The probability for each possible combination of traits is 
calculated by multiplying the probability for each individual 
trait. Thus, the probability of F, offspring having yellow, 
round, and tall traits is 3 x 3 x 3, or 27. 


Probability Method 


While the forked-line method is a diagrammatic approach to keeping track 
of probabilities in a cross, the probability method gives the proportions of 
offspring expected to exhibit each phenotype (or genotype) without the 
added visual assistance. Both methods make use of the product rule and 
consider the alleles for each gene separately. Earlier, we examined the 
phenotypic proportions for a trihybrid cross using the forked-line method; 
now we will use the probability method to examine the genotypic 
proportions for a cross with even more genes. 


For a trihybrid cross, writing out the forked-line method is tedious, albeit 
not as tedious as using the Punnett-square method. To fully demonstrate the 
power of the probability method, however, we can consider specific genetic 
calculations. For instance, for a tetrahybrid cross between individuals that 
are heterozygotes for all four genes, and in which all four genes are sorting 
independently and in a dominant and recessive pattern, what proportion of 
the offspring will be expected to be homozygous recessive for all four 
alleles? Rather than writing out every possible genotype, we can use the 
probability method. We know that for each gene, the fraction of 
homozygous recessive offspring will be 1/4. Therefore, multiplying this 
fraction for each of the four genes, (1/4) x (1/4) x (1/4) x (1/4), we 
determine that 1/256 of the offspring will be quadruply homozygous 
recessive. 


For the same tetrahybrid cross, what is the expected proportion of offspring 
that have the dominant phenotype at all four loci? We can answer this 
question using phenotypic proportions, but let’s do it the hard way—using 
genotypic proportions. The question asks for the proportion of offspring 
that are 1) homozygous dominant at A or heterozygous at A, and 2) 
homozygous at B or heterozygous at B, and so on. Noting the “or” and 
“and” in each circumstance makes clear where to apply the sum and 
product rules. The probability of a homozygous dominant at A is 1/4 and 
the probability of a heterozygote at A is 1/2. The probability of the 
homozygote or the heterozygote is 1/4 + 1/2 = 3/4 using the sum rule. The 
same probability can be obtained in the same way for each of the other 
genes, so that the probability of a dominant phenotype at A and B and C and 


Dis, using the product rule, equal to 3/4 x 3/4 x 3/4 x 3/4, or 27/64. If you 
are ever unsure about how to combine probabilities, returning to the forked- 
line method should make it clear. 


Rules for Multihybrid Fertilization 


Predicting the genotypes and phenotypes of offspring from given crosses is 
the best way to test your knowledge of Mendelian genetics. Given a 
multihybrid cross that obeys independent assortment and follows a 
dominant and recessive pattern, several generalized rules exist; you can use 
these rules to check your results as you work through genetics calculations 
({link]). To apply these rules, first you must determine n, the number of 
heterozygous gene pairs (the number of genes segregating two alleles each). 
For example, a cross between AaBb and AaBb heterozygotes has an n of 2. 
In contrast, a cross between AABb and AABb has an n of 1 because A is not 
heterozygous. 


General Rules for Multihybrid Crosses 


Number of 
Heterozygous 
General Rule Gene Pairs 
Number of different F; gametes a 
Number of different F, genotypes a 
Given dominant and recessive inheritance, on 


the number of different F, phenotypes 


Linked Genes Violate the Law of Independent Assortment 


Although all of Mendel’s pea characteristics behaved according to the law 
of independent assortment, we now know that some allele combinations are 
not inherited independently of each other. Genes that are located on 
separate non-homologous chromosomes will always sort independently. 
However, each chromosome contains hundreds or thousands of genes, 
organized linearly on chromosomes like beads on a string. The segregation 
of alleles into gametes can be influenced by linkage, in which genes that 
are located physically close to each other on the same chromosome are 
more likely to be inherited as a pair. However, because of the process of 
recombination, or “crossover,” it is possible for two genes on the same 
chromosome to behave independently, or as if they are not linked. To 
understand this, let’s consider the biological basis of gene linkage and 
recombination. 


Homologous chromosomes possess the same genes in the same linear order. 
The alleles may differ on homologous chromosome pairs, but the genes to 
which they correspond do not. In preparation for the first division of 
meiosis, homologous chromosomes replicate and synapse. Like genes on 
the homologs align with each other. At this stage, segments of homologous 
chromosomes exchange linear segments of genetic material ({link]). This 
process is called recombination, or crossover, and it is a common genetic 
process. Because the genes are aligned during recombination, the gene 
order is not altered. Instead, the result of recombination is that maternal and 
paternal alleles are combined onto the same chromosome. Across a given 
chromosome, several recombination events may occur, causing extensive 
shuffling of alleles. 


Homologous Chromosome 
chromosomes crossover 
aligned 


Recombinant 
chromosomes 


Non-recombinant 
chromosomes 


The process of crossover, or 
recombination, occurs when 
two homologous 
chromosomes align during 
meiosis and exchange a 
segment of genetic material. 
Here, the alleles for gene C 
were exchanged. The result is 
two recombinant and two 
non-recombinant 
chromosomes. 


When two genes are located in close proximity on the same chromosome, 
they are considered linked, and their alleles tend to be transmitted through 
meiosis together. To exemplify this, imagine a dihybrid cross involving 

flower color and plant height in which the genes are next to each other on 


the chromosome. If one homologous chromosome has alleles for tall plants 
and red flowers, and the other chromosome has genes for short plants and 
yellow flowers, then when the gametes are formed, the tall and red alleles 
will go together into a gamete and the short and yellow alleles will go into 
other gametes. These are called the parental genotypes because they have 
been inherited intact from the parents of the individual producing gametes. 
But unlike if the genes were on different chromosomes, there will be no 
gametes with tall and yellow alleles and no gametes with short and red 
alleles. If you create the Punnett square with these gametes, you will see 
that the classical Mendelian prediction of a 9:3:3:1 outcome of a dihybrid 
cross would not apply. As the distance between two genes increases, the 
probability of one or more crossovers between them increases, and the 
genes behave more like they are on separate chromosomes. Geneticists have 
used the proportion of recombinant gametes (the ones not like the parents) 
as a measure of how far apart genes are on a chromosome. Using this 
information, they have constructed elaborate maps of genes on 
chromosomes for well-studied organisms, including humans. 


Mendel’s seminal publication makes no mention of linkage, and many 
researchers have questioned whether he encountered linkage but chose not 
to publish those crosses out of concern that they would invalidate his 
independent assortment postulate. The garden pea has seven chromosomes, 
and some have suggested that his choice of seven characteristics was not a 
coincidence. However, even if the genes he examined were not located on 
separate chromosomes, it is possible that he simply did not observe linkage 
because of the extensive shuffling effects of recombination. 


Note: 

Scientific Method Connection 

Testing the Hypothesis of Independent Assortment 

To better appreciate the amount of labor and ingenuity that went into 
Mendel’s experiments, proceed through one of Mendel’s dihybrid crosses. 
Question: What will be the offspring of a dihybrid cross? 

Background: Consider that pea plants mature in one growing season, and 
you have access to a large garden in which you can cultivate thousands of 


pea plants. There are several true-breeding plants with the following pairs 
of traits: tall plants with inflated pods, and dwarf plants with constricted 
pods. Before the plants have matured, you remove the pollen-producing 
organs from the tall/inflated plants in your crosses to prevent self- 
fertilization. Upon plant maturation, the plants are manually crossed by 
transferring pollen from the dwarf/constricted plants to the stigmata of the 
tall/inflated plants. 

Hypothesis: Both trait pairs will sort independently according to 
Mendelian laws. When the true-breeding parents are crossed, all of the F; 
offspring are tall and have inflated pods, which indicates that the tall and 
inflated traits are dominant over the dwarf and constricted traits, 
respectively. A self-cross of the F, heterozygotes results in 2,000 F> 
progeny. 

Test the hypothesis: Because each trait pair sorts independently, the ratios 
of tall:dwarf and inflated:constricted are each expected to be 3:1. The 
tall/dwarf trait pair is called T/t, and the inflated/constricted trait pair is 
designated I/i. Each member of the F, generation therefore has a genotype 
of Ttli. Construct a grid analogous to [link], in which you cross two Ttli 
individuals. Each individual can donate four combinations of two traits: TT, 
Ti, tI, or ti, meaning that there are 16 possibilities of offspring genotypes. 
Because the T and J alleles are dominant, any individual having one or two 
of those alleles will express the tall or inflated phenotypes, respectively, 
regardless if they also have at or i allele. Only individuals that are tt or ii 
will express the dwarf and constricted alleles, respectively. As shown in 
[link], you predict that you will observe the following offspring 
proportions: tall/inflated:tall/constricted:dwarf/inflated:dwarf/constricted in 
a 9:3:3:1 ratio. Notice from the grid that when considering the tall/dwarf 
and inflated/constricted trait pairs in isolation, they are each inherited in 
3:1 ratios. 


This figure shows all possible 
combinations of offspring 
resulting from a dihybrid cross of 
pea plants that are heterozygous 
for the tall/dwarf and 
inflated/constricted alleles. 


Test the hypothesis: You cross the dwarf and tall plants and then self-cross 
the offspring. For best results, this is repeated with hundreds or even 
thousands of pea plants. What special precautions should be taken in the 
crosses and in growing the plants? 

Analyze your data: You observe the following plant phenotypes in the F> 
generation: 2706 tall/inflated, 930 tall/constricted, 888 dwarf/inflated, and 
300 dwarf/constricted. Reduce these findings to a ratio and determine if 
they are consistent with Mendelian laws. 

Form a conclusion: Were the results close to the expected 9:3:3:1 
phenotypic ratio? Do the results support the prediction? What might be 
observed if far fewer plants were used, given that alleles segregate 
randomly into gametes? Try to imagine growing that many pea plants, and 
consider the potential for experimental error. For instance, what would 
happen if it was extremely windy one day? 


Epistasis 


Mendel’s studies in pea plants implied that the sum of an individual’s 
phenotype was controlled by genes (or as he called them, unit factors), such 
that every characteristic was distinctly and completely controlled by a 
single gene. In fact, single observable characteristics are almost always 
under the influence of multiple genes (each with two or more alleles) acting 
in unison. For example, at least eight genes contribute to eye color in 
humans. 


Note: 
Link to Learning 
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Eye color in humans is determined by multiple genes. Use the Eye Color 
Calculator to predict the eye color of children from parental eye color. 


In some cases, several genes can contribute to aspects of a common 
phenotype without their gene products ever directly interacting. In the case 
of organ development, for instance, genes may be expressed sequentially, 
with each gene adding to the complexity and specificity of the organ. Genes 
may function in complementary or synergistic fashions, such that two or 
more genes need to be expressed simultaneously to affect a phenotype. 
Genes may also oppose each other, with one gene modifying the expression 
of another. 


In epistasis, the interaction between genes is antagonistic, such that one 
gene masks or interferes with the expression of another. “Epistasis” is a 


word composed of Greek roots that mean “standing upon.” The alleles that 
are being masked or silenced are said to be hypostatic to the epistatic alleles 
that are doing the masking. Often the biochemical basis of epistasis is a 
gene pathway in which the expression of one gene is dependent on the 
function of a gene that precedes or follows it in the pathway. 


An example of epistasis is pigmentation in mice. The wild-type coat color, 
agouti (AA), is dominant to solid-colored fur (aa). However, a separate gene 
(C) is necessary for pigment production. A mouse with a recessive c allele 
at this locus is unable to produce pigment and is albino regardless of the 
allele present at locus A ({link]). Therefore, the genotypes AAcc, Aacc, and 
aacc all produce the same albino phenotype. A cross between heterozygotes 
for both genes (AaCc x AaCc) would generate offspring with a phenotypic 
ratio of 9 agouti:3 solid color:4 albino ([link]). In this case, the C gene is 
epistatic to the A gene. 
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In mice, the mottled agouti coat color 
(A) is dominant to a solid coloration, 
such as black or gray. A gene at a 
separate locus (C) is responsible for 
pigment production. The recessive c 
allele does not produce pigment, and a 
mouse with the homozygous recessive 
cc genotype is albino regardless of the 
allele present at the A locus. Thus, the 
C gene is epistatic to the A gene. 


Epistasis can also occur when a dominant allele masks expression at a 
separate gene. Fruit color in summer squash is expressed in this way. 
Homozygous recessive expression of the W gene (ww) coupled with 
homozygous dominant or heterozygous expression of the Y gene (YY or Yy) 
generates yellow fruit, and the wwyy genotype produces green fruit. 
However, if a dominant copy of the W gene is present in the homozygous or 
heterozygous form, the summer squash will produce white fruit regardless 
of the Y alleles. A cross between white heterozygotes for both genes (WwYy 
x WwYy) would produce offspring with a phenotypic ratio of 12 white:3 
yellow:1 green. 


Finally, epistasis can be reciprocal such that either gene, when present in the 
dominant (or recessive) form, expresses the same phenotype. In the 
shepherd’s purse plant (Capsella bursa-pastoris), the characteristic of seed 
shape is controlled by two genes in a dominant epistatic relationship. When 
the genes A and B are both homozygous recessive (aabb), the seeds are 
ovoid. If the dominant allele for either of these genes is present, the result is 
triangular seeds. That is, every possible genotype other than aabb results in 
triangular seeds, and a cross between heterozygotes for both genes (AaBb x 
AaBb) would yield offspring with a phenotypic ratio of 15 triangular:1 
ovoid. 


As you work through genetics problems, keep in mind that any single 
characteristic that results in a phenotypic ratio that totals 16 is typical of a 


two-gene interaction. Recall the phenotypic inheritance pattern for 
Mendel’s dihybrid cross, which considered two non-interacting genes— 
9:3:3:1. Similarly, we would expect interacting gene pairs to also exhibit 
ratios expressed as 16 parts. Note that we are assuming the interacting 
genes are not linked; they are still assorting independently into gametes. 


Note: 
Link to Learning 
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For an excellent review of Mendel’s experiments and to perform your own 
crosses and identify patterns of inheritance, visit the Mendel’s Peas web 
lab. 


Section Summary 


Mendel postulated that genes (characteristics) are inherited as pairs of 
alleles (traits) that behave in a dominant and recessive pattern. Alleles 
segregate into gametes such that each gamete is equally likely to receive 
either one of the two alleles present in a diploid individual. In addition, 
genes are assorted into gametes independently of one another. That is, 
alleles are generally not more likely to segregate into a gamete with a 
particular allele of another gene. A dihybrid cross demonstrates 
independent assortment when the genes in question are on different 
chromosomes or distant from each other on the same chromosome. For 
crosses involving more than two genes, use the forked line or probability 
methods to predict offspring genotypes and phenotypes rather than a 
Punnett square. 


Although chromosomes sort independently into gametes during meiosis, 
Mendel’s law of independent assortment refers to genes, not chromosomes, 
and a single chromosome may carry more than 1,000 genes. When genes 
are located in close proximity on the same chromosome, their alleles tend to 
be inherited together. This results in offspring ratios that violate Mendel's 
law of independent assortment. However, recombination serves to exchange 
genetic material on homologous chromosomes such that maternal and 
paternal alleles may be recombined on the same chromosome. This is why 
alleles on a given chromosome are not always inherited together. 
Recombination is a random event occurring anywhere on a chromosome. 
Therefore, genes that are far apart on the same chromosome are likely to 
still assort independently because of recombination events that occurred in 
the intervening chromosomal space. 


Whether or not they are sorting independently, genes may interact at the 
level of gene products such that the expression of an allele for one gene 
masks or modifies the expression of an allele for a different gene. This is 
called epistasis. 


Art Connections 


Exercise: 


Problem: 


[link] In pea plants, purple flowers (P) are dominant to white flowers 
(p) and yellow peas (Y) are dominant to green peas (y). What are the 
possible genotypes and phenotypes for a cross between PpYY and 
ppYy pea plants? How many squares do you need to do a Punnett 
square analysis of this cross? 


Solution: 


[link] The possible genotypes are PpYY, PpYy, ppYY, and ppYy. The 
former two genotypes would result in plants with purple flowers and 
yellow peas, while the latter two genotypes would result in plants with 
white flowers with yellow peas, for a 1:1 ratio of each phenotype. You 


only need a 2 x 2 Punnett square (four squares total) to do this analysis 
because two of the alleles are homozygous. 


Multiple Choice 


Exercise: 
Problem: 
Assuming no gene linkage, in a dihybrid cross of AABB x aabb with 


AaBb F; heterozygotes, what is the ratio of the F; gametes (AB, aB, 
Ab, ab) that will give rise to the F> offspring? 
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Solution: 


A 
Exercise: 


Problem: 


The forked line and probability methods make use of what probability 
rule? 


a. test cross 

b. product rule 

c. monohybrid rule 
d. sum rule 


Solution: 


B 


Exercise: 
Problem: 
How many different offspring genotypes are expected in a trihybrid 


cross between parents heterozygous for all three traits when the traits 
behave in a dominant and recessive pattern? How many phenotypes? 


a. 64 genotypes; 16 phenotypes 
b. 16 genotypes; 64 phenotypes 
c. 8 genotypes; 27 phenotypes 
d. 27 genotypes; 8 phenotypes 


Solution: 


D 


Free Response 


Exercise: 
Problem: 


Use the probability method to calculate the genotypes and genotypic 
proportions of a cross between AABBCc and Aabbcc parents. 


Solution: 


Considering each gene separately, the cross at A will produce offspring 
of which half are AA and half are Aa; B will produce all Bb; C will 
produce half Cc and half cc. Proportions then are (1/2) x (1) x (1/2), or 
1/4 AABbCc; continuing for the other possibilities yields 1/4 AABbcc, 
1/4 AaBbCc, and 1/4 AaBbcc. The proportions therefore are 1:1:1:1. 


Exercise: 


Problem: 
Explain epistatis in terms of its Greek-language roots “standing upon.” 
Solution: 


Epistasis describes an antagonistic interaction between genes wherein 
one gene masks or interferes with the expression of another. The gene 
that is interfering is referred to as epistatic, as if it is “standing upon” 
the other (hypostatic) gene to block its expression. 


Exercise: 


Problem: 


In Section 12.3, “Laws of Inheritance,” an example of epistasis was 
given for the summer squash. Cross white WwYy heterozygotes to 
prove the phenotypic ratio of 12 white:3 yellow:1 green that was given 
in the text. 


Solution: 


The cross can be represented as a 4 x 4 Punnett square, with the 
following gametes for each parent: WY, W, wy, and wy. For all 12 of 
the offspring that express a dominant W gene, the offspring will be 
white. The three offspring that are homozygous recessive for w but 
express a dominant Y gene will be yellow. The remaining wwyy 
offspring will be green. 


Glossary 


dihybrid 
result of a cross between two true-breeding parents that express 
different traits for two characteristics 


epistasis 
antagonistic interaction between genes such that one gene masks or 
interferes with the expression of another 


law of dominance 
in a heterozygote, one trait will conceal the presence of another trait 
for the same characteristic 


law of independent assortment 
genes do not influence each other with regard to sorting of alleles into 
gametes; every possible combination of alleles is equally likely to 
occur 


law of segregation 
paired unit factors (i.e., genes) segregate equally into gametes such 
that offspring have an equal likelihood of inheriting any combination 
of factors 


linkage 
phenomenon in which alleles that are located in close proximity to 
each other on the same chromosome are more likely to be inherited 
together 


Genetic Linkage 
By the end of this section, you will be able to: 


e Discuss Sutton’s Chromosomal Theory of Inheritance 

e Describe genetic linkage 

e Explain the process of homologous recombination, or crossing over 

e Describe how chromosome maps are created 

e Calculate the distances between three genes on a chromosome using a 
three-point test cross 


Long before chromosomes were visualized under a microscope, the father 
of modern genetics, Gregor Mendel, began studying heredity in 1843. With 
the improvement of microscopic techniques during the late 1800s, cell 
biologists could stain and visualize subcellular structures with dyes and 
observe their actions during cell division and meiosis. With each mitotic 
division, chromosomes replicated, condensed from an amorphous (no 
constant shape) nuclear mass into distinct X-shaped bodies (pairs of 
identical sister chromatids), and migrated to separate cellular poles. 


Chromosomal Theory of Inheritance 


The speculation that chromosomes might be the key to understanding 
heredity led several scientists to examine Mendel’s publications and re- 
evaluate his model in terms of the behavior of chromosomes during mitosis 
and meiosis. In 1902, Theodor Boveri observed that proper embryonic 
development of sea urchins does not occur unless chromosomes are present. 
That same year, Walter Sutton observed the separation of chromosomes into 
daughter cells during meiosis ({link]). Together, these observations led to 
the development of the Chromosomal Theory of Inheritance, which 
identified chromosomes as the genetic material responsible for Mendelian 
inheritance. 


(a) (b) 


(a) Walter Sutton and (b) 
Theodor Boveri are credited 
with developing the 
Chromosomal Theory of 
Inheritance, which states that 
chromosomes carry the unit 
of heredity (genes). 


The Chromosomal Theory of Inheritance was consistent with Mendel’s 
laws and was supported by the following observations: 


e During meiosis, homologous chromosome pairs migrate as discrete 
structures that are independent of other chromosome pairs. 

e The sorting of chromosomes from each homologous pair into pre- 
gametes appears to be random. 

e Each parent synthesizes gametes that contain only half of their 
chromosomal complement. 

e Even though male and female gametes (sperm and egg) differ in size 
and morphology, they have the same number of chromosomes, 
suggesting equal genetic contributions from each parent. 

e The gametic chromosomes combine during fertilization to produce 
offspring with the same chromosome number as their parents. 


Despite compelling correlations between the behavior of chromosomes 
during meiosis and Mendel’s abstract laws, the Chromosomal Theory of 


Inheritance was proposed long before there was any direct evidence that 
traits were carried on chromosomes. Critics pointed out that individuals had 
far more independently segregating traits than they had chromosomes. It 
was only after several years of carrying out crosses with the fruit fly, 
Drosophila melanogaster, that Thomas Hunt Morgan provided 
experimental evidence to support the Chromosomal Theory of Inheritance. 


Genetic Linkage and Distances 


Mendel’s work suggested that traits are inherited independently of each 
other. Morgan identified a 1:1 correspondence between a segregating trait 
and the X chromosome, suggesting that the random segregation of 
chromosomes was the physical basis of Mendel’s model. This also 
demonstrated that linked genes disrupt Mendel’s predicted outcomes. The 
fact that each chromosome can carry many linked genes explains how 
individuals can have many more traits than they have chromosomes. 
However, observations by researchers in Morgan’s laboratory suggested 
that alleles positioned on the same chromosome were not always inherited 
together. During meiosis, linked genes somehow became unlinked. 


Homologous Recombination 


In 1909, Frans Janssen observed chiasmata—the point at which chromatids 
are in contact with each other and may exchange segments—prior to the 
first division of meiosis. He suggested that alleles become unlinked and 
chromosomes physically exchange segments. As chromosomes condensed 
and paired with their homologs, they appeared to interact at distinct points. 
Janssen suggested that these points corresponded to regions in which 
chromosome segments were exchanged. It is now known that the pairing 
and interaction between homologous chromosomes, known as synapsis, 
does more than simply organize the homologs for migration to separate 
daughter cells. When synapsed, homologous chromosomes undergo 
reciprocal physical exchanges at their arms in a process called homologous 
recombination, or more simply, “crossing over.” 


To better understand the type of experimental results that researchers were 
obtaining at this time, consider a heterozygous individual that inherited 
dominant maternal alleles for two genes on the same chromosome (such as 
AB) and two recessive paternal alleles for those same genes (such as ab). If 
the genes are linked, one would expect this individual to produce gametes 
that are either AB or ab with a 1:1 ratio. If the genes are unlinked, the 
individual should produce AB, Ab, aB, and ab gametes with equal 
frequencies, according to the Mendelian concept of independent assortment. 
Because they correspond to new allele combinations, the genotypes Ab and 
aB are nonparental types that result from homologous recombination 
during meiosis. Parental types are progeny that exhibit the same allelic 
combination as their parents. Morgan and his colleagues, however, found 
that when such heterozygous individuals were test crossed to a homozygous 
recessive parent (AaBb x aabb), both parental and nonparental cases 
occurred. For example, 950 offspring might be recovered that were either 
AaBb or aabb, but 50 offspring would also be obtained that were either 
Aabb or aaBb. These results suggested that linkage occurred most often, but 
a significant minority of offspring were the products of recombination. 


Note: 
Art Connection 
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Inheritance patterns of unlinked and 
linked genes are shown. In (a), two 
genes are located on different 
chromosomes so independent assortment 
occurs during meiosis. The offspring 
have an equal chance of being the 
parental type (inheriting the same 
combination of traits as the parents) or a 
nonparental type (inheriting a different 
combination of traits than the parents). 
In (b), two genes are very close together 
on the same chromosome so that no 
crossing over occurs between them. The 
genes are therefore always inherited 
together and all of the offspring are the 


parental type. In (c), two genes are far 
apart on the chromosome such that 
crossing over occurs during every 
meiotic event. The recombination 
frequency will be the same as if the 
genes were on separate chromosomes. 
(d) The actual recombination frequency 
of fruit fly wing length and body color 
that Thomas Morgan observed in 1912 
was 17 percent. A crossover frequency 
between 0 percent and 50 percent 
indicates that the genes are on the same 
chromosome and crossover occurs some 
of the time. 


In a test cross for two characteristics such as the one shown here, can the 
predicted frequency of recombinant offspring be 60 percent? Why or why 
not? 


Genetic Maps 


Janssen did not have the technology to demonstrate crossing over so it 
remained an abstract idea that was not widely accepted. Scientists thought 
chiasmata were a variation on synapsis and could not understand how 
chromosomes could break and rejoin. Yet, the data were clear that linkage 
did not always occur. Ultimately, it took a young undergraduate student and 
an “all-nighter” to mathematically elucidate the problem of linkage and 
recombination. 


In 1913, Alfred Sturtevant, a student in Morgan’s laboratory, gathered 
results from researchers in the laboratory, and took them home one night to 
mull them over. By the next morning, he had created the first “chromosome 
map,” a linear representation of gene order and relative distance on a 
chromosome ((Link]). 


Note: 
Art Connection 


Genetic Map Based on Recombination 
Frequencies in Drosophila 


Short aristae Long aristae 
Black body H | Gray body 
Cinnabar eyes 4 Red eyes 


Vestigial wings Normal wings 


Brown eyes Red eyes 


Values in centimorgan (cM) map units; recombination 
frequency of 0.01 = 1 cM 


This genetic map 
orders Drosophila 
genes on the basis 
of recombination 
frequency. 


Which of the following statements is true? 


a. Recombination of the body color and red/cinnabar eye alleles will 
occur more frequently than recombination of the alleles for wing 
length and aristae length. 

b. Recombination of the body color and aristae length alleles will occur 
more frequently than recombination of red/brown eye alleles and the 
aristae length alleles. 

c. Recombination of the gray/black body color and long/short aristae 
alleles will not occur. 

d. Recombination of the red/brown eye and long/short aristae alleles will 
occur more frequently than recombination of the alleles for wing 
length and body color. 


As shown in [link], by using recombination frequency to predict genetic 
distance, the relative order of genes on chromosome 2 could be inferred. 
The values shown represent map distances in centimorgans (cM), which 
correspond to recombination frequencies (in percent). Therefore, the genes 
for body color and wing size were 65.5 — 48.5 = 17 cM apart, indicating 
that the maternal and paternal alleles for these genes recombine in 17 
percent of offspring, on average. 


To construct a chromosome map, Sturtevant assumed that genes were 
ordered serially on threadlike chromosomes. He also assumed that the 
incidence of recombination between two homologous chromosomes could 
occur with equal likelihood anywhere along the length of the chromosome. 
Operating under these assumptions, Sturtevant postulated that alleles that 
were far apart on a chromosome were more likely to dissociate during 
meiosis simply because there was a larger region over which recombination 
could occur. Conversely, alleles that were close to each other on the 
chromosome were likely to be inherited together. The average number of 
crossovers between two alleles—that is, their recombination frequency— 
correlated with their genetic distance from each other, relative to the 
locations of other genes on that chromosome. Considering the example 
cross between AaBb and aabb above, the frequency of recombination could 
be calculated as 50/1000 = 0.05. That is, the likelihood of a crossover 
between genes A/a and B/b was 0.05, or 5 percent. Such a result would 
indicate that the genes were definitively linked, but that they were far 
enough apart for crossovers to occasionally occur. Sturtevant divided his 
genetic map into map units, or centimorgans (cM), in which a 
recombination frequency of 0.01 corresponds to 1 cM. 


By representing alleles in a linear map, Sturtevant suggested that genes can 
range from being perfectly linked (recombination frequency = 0) to being 
perfectly unlinked (recombination frequency = 0.5) when genes are on 
different chromosomes or genes are separated very far apart on the same 
chromosome. Perfectly unlinked genes correspond to the frequencies 
predicted by Mendel to assort independently in a dihybrid cross. A 
recombination frequency of 0.5 indicates that 50 percent of offspring are 
recombinants and the other 50 percent are parental types. That is, every 
type of allele combination is represented with equal frequency. This 


representation allowed Sturtevant to additively calculate distances between 
several genes on the same chromosome. However, as the genetic distances 
approached 0.50, his predictions became less accurate because it was not 
clear whether the genes were very far apart on the same chromosome or on 
different chromosomes. 


In 1931, Barbara McClintock and Harriet Creighton demonstrated the 
crossover of homologous chromosomes in corn plants. Weeks later, 
homologous recombination in Drosophila was demonstrated 
microscopically by Curt Stern. Stern observed several X-linked phenotypes 
that were associated with a structurally unusual and dissimilar X 
chromosome pair in which one X was missing a small terminal segment, 
and the other X was fused to a piece of the Y chromosome. By crossing 
flies, observing their offspring, and then visualizing the offspring’s 
chromosomes, Stern demonstrated that every time the offspring allele 
combination deviated from either of the parental combinations, there was a 
corresponding exchange of an X chromosome segment. Using mutant flies 
with structurally distinct X chromosomes was the key to observing the 
products of recombination because DNA sequencing and other molecular 
tools were not yet available. It is now known that homologous 
chromosomes regularly exchange segments in meiosis by reciprocally 
breaking and rejoining their DNA at precise locations. 


Note: 
Link to Learning 


x 
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Review Sturtevant’s process to create a genetic map on the basis of 
recombination frequencies here. 


Mendel’s Mapped Traits 


Homologous recombination is a common genetic process, yet Mendel never 
observed it. Had he investigated both linked and unlinked genes, it would 
have been much more difficult for him to create a unified model of his data 
on the basis of probabilistic calculations. Researchers who have since 
mapped the seven traits investigated by Mendel onto the seven 
chromosomes of the pea plant genome have confirmed that all of the genes 
he examined are either on separate chromosomes or are sufficiently far 
apart as to be statistically unlinked. Some have suggested that Mendel was 
enormously lucky to select only unlinked genes, whereas others question 
whether Mendel discarded any data suggesting linkage. In any case, Mendel 
consistently observed independent assortment because he examined genes 
that were effectively unlinked. 


Section Summary 


The Chromosomal Theory of inheritance, proposed by Sutton and Boveri, 
states that chromosomes are the vehicles of genetic heredity. Neither 
Mendelian genetics nor gene linkage is perfectly accurate; instead, 
chromosome behavior involves segregation, independent assortment, and 
occasionally, linkage. Sturtevant devised a method to assess recombination 
frequency and infer the relative positions and distances of linked genes on a 
chromosome on the basis of the average number of crossovers in the 
intervening region between the genes. Sturtevant correctly presumed that 
genes are arranged in Serial order on chromosomes and that recombination 
between homologs can occur anywhere on a chromosome with equal 
likelihood. Whereas linkage causes alleles on the same chromosome to be 
inherited together, homologous recombination biases alleles toward an 
inheritance pattern of independent assortment. 


Art Connections 


Exercise: 


Problem: 


[link] In a test cross for two characteristics such as the one shown here, 
can the predicted frequency of recombinant offspring be 60 percent? 
Why or why not? 


Solution: 


[link] No. The predicted frequency of recombinant offspring ranges 
from 0% (for linked traits) to 50% (for unlinked traits). 


Exercise: 


Problem: [link] Which of the following statements is true? 


a. Recombination of the body color and red/cinnabar eye alleles will 
occur more frequently than recombination of the alleles for wing 
length and aristae length. 

b. Recombination of the body color and aristae length alleles will 
occur more frequently than recombination of red/brown eye 
alleles and the aristae length alleles. 

c. Recombination of the gray/black body color and long/short 
aristae alleles will not occur. 

d. Recombination of the red/brown eye and long/short aristae alleles 
will occur more frequently than recombination of the alleles for 
wing length and body color. 


Solution: 


[link] D 


Review Questions 


Exercise: 


Problem: 


X-linked recessive traits in humans (or in Drosophila) are observed 


a. in more males than females 

b. in more females than males 

c. in males and females equally 

d. in different distributions depending on the trait 


Solution: 


A 
Exercise: 


Problem: 


The first suggestion that chromosomes may physically exchange 
segments came from the microscopic identification of 


a. synapsis 

b. sister chromatids 
c. chiasmata 

d. alleles 


Solution: 


C 
Exercise: 


Problem: 


Which recombination frequency corresponds to independent 
assortment and the absence of linkage? 


a. O 


bh: 0.25 
c. 0.50 
d. 0.75 


Solution: 


‘a 
Exercise: 
Problem: 
Which recombination frequency corresponds to perfect linkage and 
violates the law of independent assortment? 
a. 0 
b. 0.25 
0,50 
d. 0.75 
Solution: 


A 


Free Response 


Exercise: 


Problem: 


Explain how the Chromosomal Theory of Inheritance helped to 
advance our understanding of genetics. 


Solution: 


The Chromosomal Theory of Inheritance proposed that genes reside on 
chromosomes. The understanding that chromosomes are linear arrays 


of genes explained linkage, and crossing over explained 
recombination. 


Glossary 


centimorgan (cM) 
(also, map unit) relative distance that corresponds to a recombination 
frequency of 0.01 


Chromosomal Theory of Inheritance 
theory proposing that chromosomes are the vehicles of genes and that 
their behavior during meiosis is the physical basis of the inheritance 
patterns that Mendel observed 


homologous recombination 
process by which homologous chromosomes undergo reciprocal 
physical exchanges at their arms, also known as crossing over 


nonparental (recombinant) type 
progeny resulting from homologous recombination that exhibits a 
different allele combination compared with its parents 


parental types 
progeny that exhibits the same allelic combination as its parents 


recombination frequency 
average number of crossovers between two alleles; observed as the 
number of nonparental types in a population of progeny 


Eukaryotic Epigenetic Gene Regulation 
By the end of this section, you will be able to: 


e Explain the process of epigenetic regulation 
¢ Describe how access to DNA is controlled by histone modification 


Eukaryotic gene expression is more complex than prokaryotic gene 
expression because the processes of transcription and translation are 
physically separated. Unlike prokaryotic cells, eukaryotic cells can regulate 
gene expression at many different levels. Eukaryotic gene expression begins 
with control of access to the DNA. This form of regulation, called 
epigenetic regulation, occurs even before transcription is initiated. 


Epigenetic Control: Regulating Access to Genes within the 
Chromosome 


The human genome encodes over 20,000 genes; each of the 23 pairs of 
human chromosomes encodes thousands of genes. The DNA in the nucleus 
is precisely wound, folded, and compacted into chromosomes so that it will 
fit into the nucleus. It is also organized so that specific segments can be 
accessed as needed by a specific cell type. 


The first level of organization, or packing, is the winding of DNA strands 
around histone proteins. Histones package and order DNA into structural 
units called nucleosome complexes, which can control the access of 
proteins to the DNA regions ({link]a). Under the electron microscope, this 
winding of DNA around histone proteins to form nucleosomes looks like 
small beads on a string ([link]b). These beads (histone proteins) can move 
along the string (DNA) and change the structure of the molecule. 


Histone 


Nucleosome 


(a) (b) 


DNA is folded around histone proteins to create (a) 
nucleosome complexes. These nucleosomes control the access 
of proteins to the underlying DNA. When viewed through an 
electron microscope (b), the nucleosomes look like beads on a 
string. (credit “micrograph”: modification of work by Chris 
Woodcock) 


If DNA encoding a specific gene is to be transcribed into RNA, the 
nucleosomes surrounding that region of DNA can slide down the DNA to 
open that specific chromosomal region and allow for the transcriptional 
machinery (RNA polymerase) to initiate transcription ([link]). Nucleosomes 
can move to open the chromosome structure to expose a segment of DNA, 
but do so in a very controlled manner. 


Note: 
Art Connection 


Histone tail 


Methyl group 


DNA inaccessible, gene inactive 


Histone tail 


Acetyl group 


DNA accessible, gene active 


Methylation of DNA and 
histones causes nucleosomes 
to pack tightly together. 
Transcription factors cannot 
bind the DNA, and genes are 
not expressed. 


Histone acetylation results 

in loose packing of nucleo- 
somes. Transcription factors 
can bind the DNA and genes 
are expressed. 


Nucleosomes can slide along DNA. When 
nucleosomes are spaced closely together (top), 
transcription factors cannot bind and gene 
expression is turned off. When the nucleosomes 
are spaced far apart (bottom), the DNA is exposed. 
Transcription factors can bind, allowing gene 
expression to occur. Modifications to the histones 
and DNA affect nucleosome spacing. 


In females, one of the two X chromosomes is inactivated during embryonic 
development because of epigenetic changes to the chromatin. What impact 
do you think these changes would have on nucleosome packing? 


How the histone proteins move is dependent on signals found on both the 
histone proteins and on the DNA. These signals are tags added to histone 
proteins and DNA that tell the histones if a chromosomal region should be 
open or closed ([link] depicts modifications to histone proteins and DNA). 
These tags are not permanent, but may be added or removed as needed. 


They are chemical modifications (phosphate, methyl, or acetyl groups) that 
are attached to specific amino acids in the protein or to the nucleotides of 
the DNA. The tags do not alter the DNA base sequence, but they do alter 
how tightly wound the DNA is around the histone proteins. DNA is a 
negatively charged molecule; therefore, changes in the charge of the histone 
will change how tightly wound the DNA molecule will be. When 
unmodified, the histone proteins have a large positive charge; by adding 
chemical modifications like acetyl groups, the charge becomes less positive. 


The DNA molecule itself can also be modified. This occurs within very 
specific regions called CpG islands. These are stretches with a high 
frequency of cytosine and guanine dinucleotide DNA pairs (CG) found in 
the promoter regions of genes. When this configuration exists, the cytosine 
member of the pair can be methylated (a methyl group is added). This 
modification changes how the DNA interacts with proteins, including the 
histone proteins that control access to the region. Highly methylated 
(hypermethylated) DNA regions with deacetylated histones are tightly 
coiled and transcriptionally inactive. 


EPIGENETIC CHANGES TO THE EPIGENETIC CHANGES 
CHROMATIN MAY RESULT FROM MAY RESULT IN 

+ Development (in utero, childhood) + Cancer 

* Environmental chemicals + Autoimmune disease 
+ Drugs/Pharmaceuticals + Mental disorders 

+ Aging + Diabetes 


+ Diet 
CHROMATIN @ *cey group 


Pies Oe Q METHYL GROUP } 
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‘DNA methylation and chemical 
Histones are proteins around modification 

which DNA winds for compaction ‘spa 
and gene regulation. 


Histone proteins and DNA nucleotides can be modified 


chemically. Modifications affect nucleosome spacing and 
gene expression. (credit: modification of work by NIH) 


This type of gene regulation is called epigenetic regulation. Epigenetic 
means “around genetics.” The changes that occur to the histone proteins 
and DNA do not alter the nucleotide sequence and are not permanent. 
Instead, these changes are temporary (although they often persist through 
multiple rounds of cell division) and alter the chromosomal structure (open 
or closed) as needed. A gene can be turned on or off depending upon the 
location and modifications to the histone proteins and DNA. If a gene is to 
be transcribed, the histone proteins and DNA are modified surrounding the 
chromosomal region encoding that gene. This opens the chromosomal 
region to allow access for RNA polymerase and other proteins, called 
transcription factors, to bind to the promoter region, located just upstream 
of the gene, and initiate transcription. If a gene is to remain turned off, or 
silenced, the histone proteins and DNA have different modifications that 
signal a closed chromosomal configuration. In this closed configuration, the 
RNA polymerase and transcription factors do not have access to the DNA 
and transcription cannot occur ([link]). 


Note: 
Link to Learning 
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View this video that describes how epigenetic regulation controls gene 
expression. 
https://www.openstaxcollege.org/l/epigenetic_reg 


Section Summary 


In eukaryotic cells, the first stage of gene expression control occurs at the 
epigenetic level. Epigenetic mechanisms control access to the chromosomal 
region to allow genes to be turned on or off. These mechanisms control how 
DNA is packed into the nucleus by regulating how tightly the DNA is 
wound around histone proteins. The addition or removal of chemical 
modifications (or flags) to histone proteins or DNA signals to the cell to 
open or close a chromosomal region. Therefore, eukaryotic cells can control 
whether a gene is expressed by controlling accessibility to transcription 
factors and the binding of RNA polymerase to initiate transcription. 


Art Connections 


Exercise: 


Problem: 


[link] In females, one of the two X chromosomes is inactivated during 
embryonic development because of epigenetic changes to the 
chromatin. What impact do you think these changes would have on 
nucleosome packing? 


Solution: 


[link] The nucleosomes would pack more tightly together. 


Review Questions 


Exercise: 


Problem: What are epigenetic modifications? 


a. the addition of reversible changes to histone proteins and DNA 
b. the removal of nucleosomes from the DNA 

c. the addition of more nucleosomes to the DNA 

d. mutation of the DNA sequence 


Solution: 
A 
Exercise: 
Problem: Which of the following are true of epigenetic changes? 


a. allow DNA to be transcribed 

b. move histones to open or close a chromosomal region 
c. are temporary 

d. all of the above 


Solution: 


D 


Free Response 


Exercise: 


Problem: 


In cancer cells, alteration to epigenetic modifications turns off genes 
that are normally expressed. Hypothetically, how could you reverse 
this process to turn these genes back on? 


Solution: 


You can create medications that reverse the epigenetic processes (to 
add histone acetylation marks or to rmove DNA methylation) and 
create an open chromosomal configuration. 


Glossary 


transcription factor 
protein that binds to the DNA at the promoter or enhancer region and 
that influences transcription of a gene 


Mechanisms of Evolution 
By the end of this section, you will be able to: 


e Describe the four basic causes of evolution: natural selection, 
mutation, genetic drift, and gene flow 

e Explain how each evolutionary force can influence the allele 
frequencies of a population 


The Hardy-Weinberg equilibrium principle says that allele frequencies in a 
population will remain constant in the absence of the four factors that could 
change them. Those factors are natural selection, mutation, genetic drift, 
and migration (gene flow). In fact, we know they are probably always 
affecting populations. 


Natural Selection 


Natural selection has already been discussed. Alleles are expressed in a 
phenotype. Depending on the environmental conditions, the phenotype 
confers an advantage or disadvantage to the individual with the phenotype 
relative to the other phenotypes in the population. If it is an advantage, then 
that individual will likely have more offspring than individuals with the 
other phenotypes, and this will mean that the allele behind the phenotype 
will have greater representation in the next generation. If conditions remain 
the same, those offspring, which are carrying the same allele, will also 
benefit. Over time, the allele will increase in frequency in the population. 


Mutation 


Mutation is a source of new alleles in a population. Mutation is a change in 
the DNA sequence of the gene. A mutation can change one allele into 
another, but the net effect is a change in frequency. The change in frequency 
resulting from mutation is small, so its effect on evolution is small unless it 
interacts with one of the other factors, such as selection. A mutation may 
produce an allele that is selected against, selected for, or selectively neutral. 
Harmful mutations are removed from the population by selection and will 
generally only be found in very low frequencies equal to the mutation rate. 
Beneficial mutations will spread through the population through selection, 


although that initial spread is slow. Whether or not a mutation is beneficial 
or harmful is determined by whether it helps an organism survive to sexual 
maturity and reproduce. It should be noted that mutation is the ultimate 
source of genetic variation in all populations—new alleles, and, therefore, 
new genetic variations arise through mutation. 


Genetic Drift 


Another way a population’s allele frequencies can change is genetic drift 
({link]), which is simply the effect of chance. Genetic drift is most 
important in small populations. Drift would be completely absent in a 
population with infinite individuals, but, of course, no population is this 
large. Genetic drift occurs because the alleles in an offspring generation are 
a random sample of the alleles in the parent generation. Alleles may or may 
not make it into the next generation due to chance events including 
mortality of an individual, events affecting finding a mate, and even the 
events affecting which gametes end up in fertilizations. If one individual in 
a population of ten individuals happens to die before it leaves any offspring 
to the next generation, all of its genes—a tenth of the population’s gene 
pool—will be suddenly lost. In a population of 100, that 1 individual 
represents only 1 percent of the overall gene pool; therefore, it has much 
less impact on the population’s genetic structure and is unlikely to remove 
all copies of even a relatively rare allele. 


Imagine a population of ten individuals, half with allele A and half with 
allele a (the individuals are haploid). In a stable population, the next 
generation will also have ten individuals. Choose that generation randomly 
by flipping a coin ten times and let heads be A and tails be a. It is unlikely 
that the next generation will have exactly half of each allele. There might be 
six of one and four of the other, or some different set of frequencies. Thus, 
the allele frequencies have changed and evolution has occurred. A coin will 
no longer work to choose the next generation (because the odds are no 
longer one half for each allele). The frequency in each generation will drift 
up and down on what is known as a random walk until at one point either 
all A or all a are chosen and that allele is fixed from that point on. This 
could take a very long time for a large population. This simplification is not 
very biological, but it can be shown that real populations behave this way. 


The effect of drift on frequencies is greater the smaller a population is. Its 
effect is also greater on an allele with a frequency far from one half. Drift 
will influence every allele, even those that are being naturally selected. 


Note: 
Art Connection 


First generation 
p (A gene frequency) = .5 
q (a gene frequency) = .5 


Second generation 
p (A gene frequency) = .7 
q (a gene frequency) = .3 


5 rabbits 
reproduce 


Third generation 
p (A gene frequency) = 1 
q (a gene frequency) = 0 


2 rabbits 
reproduce 


Genetic drift in a population can lead to the elimination of an 
allele from a population by chance. In each generation, a 
random set of individuals reproduces to produce the next 

generation. The frequency of alleles in the next generation is 

equal to the frequency of alleles among the individuals 


reproducing. 


Do you think genetic drift would happen more quickly on an island or on 


the mainland? 


Genetic drift can also be magnified by natural or human-caused events, 
such as a disaster that randomly kills a large portion of the population, 


which is known as the bottleneck effect that results in a large portion of the 
genome suddenly being wiped out ({link]). In one fell swoop, the genetic 
structure of the survivors becomes the genetic structure of the entire 
population, which may be very different from the pre-disaster population. 
The disaster must be one that kills for reasons unrelated to the organism’s 
traits, such as a hurricane or lava flow. A mass killing caused by unusually 
cold temperatures at night, is likely to affect individuals differently 
depending on the alleles they possess that confer cold hardiness. 


Original 
population 


Bottlenecking 
event 


Surviving 
population 


A chance event or 
catastrophe can reduce the 
genetic variability within a 

population. 


Another scenario in which populations might experience a strong influence 
of genetic drift is if some portion of the population leaves to start a new 
population in a new location, or if a population gets divided by a physical 
barrier of some kind. In this situation, those individuals are unlikely to be 
representative of the entire population which results in the founder effect. 
The founder effect occurs when the genetic structure matches that of the 
new population’s founding fathers and mothers. The founder effect is 


believed to have been a key factor in the genetic history of the Afrikaner 
population of Dutch settlers in South Africa, as evidenced by mutations that 
are common in Afrikaners but rare in most other populations. This is likely 
due to a higher-than-normal proportion of the founding colonists, which 
were a small sample of the original population, carried these mutations. As 
a result, the population expresses unusually high incidences of Huntington’s 
disease (HD) and Fanconi anemia (FA), a genetic disorder known to cause 
bone marrow and congenital abnormalities, and even cancer, footnote] 

A. J. Tipping et al., “Molecular and Genealogical Evidence for a Founder 
Effect in Fanconi Anemia Families of the Afrikaner Population of South 
Africa,” PNAS 98, no. 10 (2001): 5734-5739, doi: 
10.1073/pnas.091402398. 


Note: 
Concept in Action 
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Visit this site to learn more about genetic drift and to run simulations of 
allele changes caused by drift. 


Gene Flow 


Another important evolutionary force is gene flow, or the flow of alleles in 
and out of a population resulting from the migration of individuals or 
gametes ({link]). While some populations are fairly stable, others 
experience more flux. Many plants, for example, send their seeds far and 
wide, by wind or in the guts of animals; these seeds may introduce alleles 
common in the source population to a new population in which they are 
rare. 


Gene flow can occur when an individual 
travels from one geographic location to 
another and joins a different population of 
the species. In the example shown here, 
the brown allele is introduced into the 
green population. 


Section Summary 


There are four factors that can change the allele frequencies of a population. 
Natural selection works by selecting for alleles that confer beneficial traits 
or behaviors, while selecting against those for deleterious qualities. 
Mutations introduce new alleles into a population. Genetic drift stems from 
the chance occurrence that some individuals have more offspring than 
others and results in changes in allele frequencies that are random in 
direction. When individuals leave or join the population, allele frequencies 
can change as a result of gene flow. 


Art Connections 


Exercise: 


Problem: 


[link] Do you think genetic drift would happen more quickly on an 
island or on the mainland? 


Solution: 


[link] Genetic drift is likely to occur more rapidly on an island, where 
smaller populations are expected to occur. 


Multiple Choice 


Exercise: 


Problem: 


Galapagos medium ground finches are found on Santa Cruz and San 
Crist6bal islands, which are separated by about 100 km of ocean. 
Occasionally, individuals from either island fly to the other island to 
stay. This can alter the allele frequencies of the population through 
which of the following mechanisms? 


a. natural selection 
b. genetic drift 

c. gene flow 

d. mutation 


Solution: 


Cc 
Exercise: 
Problem: 


In which of the following pairs do both evolutionary processes 
introduce new genetic variation into a population? 


a. natural selection and genetic drift 
b. mutation and gene flow 

c. natural selection and gene flow 
d. gene flow and genetic drift 


Solution: 


B 


Free Response 


Exercise: 


Problem: 


Describe natural selection and give an example of natural selection at 
work in a population. 


Solution: 


The theory of natural selection stems from the observation that some 
individuals in a population survive longer and have more offspring 
than others, thus passing on more of their genes to the next generation. 
For example, a big, powerful male gorilla is much more likely than a 
smaller, weaker gorilla to become the population’s silverback, the 
pack’s leader who mates far more than the other males of the group. 
The pack leader will, therefore, father more offspring, who share half 
of his genes, and are thus likely to also grow bigger and stronger like 
their father. Over time, the genes for bigger size will increase in 
frequency in the population, and the population will, as a result, grow 
larger on average. 


Glossary 


bottleneck effect 
the magnification of genetic drift as a result of natural events or 
catastrophes 


founder effect 


a magnification of genetic drift in a small population that migrates 
away from a large parent population carrying with it an 
unrepresentative set of alleles 


gene flow 
the flow of alleles in and out of a population due to the migration of 
individuals or gametes 


Selection 
By the end of this section, you will be able to: 


e Explain the different ways natural selection can shape populations 
e Describe how these different forces can lead to different outcomes in 
terms of the population variation 


Natural selection only acts on the population’s heritable traits: selecting for 
beneficial alleles and thus increasing their frequency in the population, 
while selecting against deleterious alleles and thereby decreasing their 
frequency—a process known as adaptive evolution. Natural selection does 
not act on individual alleles, however, but on entire organisms. An 
individual may carry a very beneficial genotype with a resulting phenotype 
that, for example, increases the ability to reproduce (fecundity), but if that 
same individual also carries an allele that results in a fatal childhood 
disease, that fecundity phenotype will not be passed on to the next 
generation because the individual will not live to reach reproductive age. 
Natural selection acts at the level of the individual; it selects for individuals 
with greater contributions to the gene pool of the next generation, known as 
an organism’s evolutionary (Darwinian) fitness. 


Fitness is often quantifiable and is measured by scientists in the field. 
However, it is not the absolute fitness of an individual that counts, but 
rather how it compares to the other organisms in the population. This 
concept, called relative fitness, allows researchers to determine which 
individuals are contributing additional offspring to the next generation, and 
thus, how the population might evolve. 


There are several ways selection can affect population variation: stabilizing 
selection, directional selection, diversifying selection, frequency-dependent 
selection, and sexual selection. As natural selection influences the allele 
frequencies in a population, individuals can either become more or less 
genetically similar and the phenotypes displayed can become more similar 
or more disparate. 


Stabilizing Selection 


If natural selection favors an average phenotype, selecting against extreme 
variation, the population will undergo stabilizing selection ([link]). In a 
population of mice that live in the woods, for example, natural selection is 
likely to favor individuals that best blend in with the forest floor and are 
less likely to be spotted by predators. Assuming the ground is a fairly 
consistent shade of brown, those mice whose fur is most closely matched to 
that color will be most likely to survive and reproduce, passing on their 
genes for their brown coat. Mice that carry alleles that make them a bit 
lighter or a bit darker will stand out against the ground and be more likely 
to fall victim to predation. As a result of this selection, the population’s 
genetic variance will decrease. 


Directional Selection 


When the environment changes, populations will often undergo directional 
selection ((link]), which selects for phenotypes at one end of the spectrum 
of existing variation. A classic example of this type of selection is the 
evolution of the peppered moth in eighteenth- and nineteenth-century 
England. Prior to the Industrial Revolution, the moths were predominately 
light in color, which allowed them to blend in with the light-colored trees 
and lichens in their environment. But as soot began spewing from factories, 
the trees became darkened, and the light-colored moths became easier for 
predatory birds to spot. Over time, the frequency of the melanic form of the 
moth increased because they had a higher survival rate in habitats affected 
by air pollution because their darker coloration blended with the sooty trees. 
Similarly, the hypothetical mouse population may evolve to take on a 
different coloration if something were to cause the forest floor where they 
live to change color. The result of this type of selection is a shift in the 
population’s genetic variance toward the new, fit phenotype. 


Note: 
Link to Learning 
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In science, sometimes things are believed to be true, and then new 
information comes to light that changes our understanding. The story of the 
peppered moth is an example: the facts behind the selection toward darker 
moths have recently been called into question. Read this article to learn 
more. 


Diversifying Selection 


Sometimes two or more distinct phenotypes can each have their advantages 
and be selected for by natural selection, while the intermediate phenotypes 
are, on average, less fit. Known as diversifying selection ((link]), this is 
seen in many populations of animals that have multiple male forms. Large, 
dominant alpha males obtain mates by brute force, while small males can 
sneak in for furtive copulations with the females in an alpha male’s 
territory. In this case, both the alpha males and the “sneaking” males will be 
selected for, but medium-sized males, which can’t overtake the alpha males 
and are too big to sneak copulations, are selected against. Diversifying 
selection can also occur when environmental changes favor individuals on 
either end of the phenotypic spectrum. Imagine a population of mice living 
at the beach where there is light-colored sand interspersed with patches of 
tall grass. In this scenario, light-colored mice that blend in with the sand 
would be favored, as well as dark-colored mice that can hide in the grass. 
Medium-colored mice, on the other hand, would not blend in with either the 
grass or the sand, and would thus be more likely to be eaten by predators. 
The result of this type of selection is increased genetic variance as the 
population becomes more diverse. 


Note: 
Art Connection 


(a) Stabilizing selection 


Robins typically lay four eggs, 
; an example of stabilizing 
Population selection. Larger clutches may 
after natural result in malnourished chicks, 
selection while smaller clutches may 
Original result in no viable offspring. 
population 


Light-colored peppered moths 
are better camouflaged against a 
pristine environment; likewise, 


Population after 
natural selection 


AA dark-colored peppered moths 
Original are better camouflaged against a 
population : sooty environment. Thus, as the 
Industrial Revolution progressed 
in nineteenth-century England, 
the color of the moth population 
shifted from light to dark, an 
example of directional selection. 


(c) Diversifying selection 

In a hyphothetical population, 
gray and Himalayan (gray and 
white) rabbits are better able to 
blend with a rocky environment 
than white rabbits, resulting in 
diversifying selection. 


Original Population after 
population natural selection 


Different types of natural selection can 
impact the distribution of phenotypes 
within a population. In (a) stabilizing 

selection, an average phenotype is 
favored. In (b) directional selection, a 
change in the environment shifts the 

spectrum of phenotypes observed. In (c) 

diversifying selection, two or more 
extreme phenotypes are selected for, 
while the average phenotype is selected 
against. 


In recent years, factories have become cleaner, and less soot is released 
into the environment. What impact do you think this has had on the 
distribution of moth color in the population? 


Frequency-dependent Selection 


Another type of selection, called frequency-dependent selection, favors 
phenotypes that are either common (positive frequency-dependent 
selection) or rare (negative frequency-dependent selection). An interesting 
example of this type of selection is seen in a unique group of lizards of the 
Pacific Northwest. Male common side-blotched lizards come in three 
throat-color patterns: orange, blue, and yellow. Each of these forms has a 
different reproductive strategy: orange males are the strongest and can fight 
other males for access to their females; blue males are medium-sized and 
form strong pair bonds with their mates; and yellow males ([link]) are the 
smallest, and look a bit like females, which allows them to sneak 
copulations. Like a game of rock-paper-scissors, orange beats blue, blue 
beats yellow, and yellow beats orange in the competition for females. That 
is, the big, strong orange males can fight off the blue males to mate with the 
blue’s pair-bonded females, the blue males are successful at guarding their 
mates against yellow sneaker males, and the yellow males can sneak 
copulations from the potential mates of the large, polygynous orange males. 


A yellow-throated side-blotched 
lizard is smaller than either the 
blue-throated or orange-throated 
males and appears a bit like the 
females of the species, allowing 
it to sneak copulations. (credit: 
“tinyfroglet”/Flickr) 


In this scenario, orange males will be favored by natural selection when the 
population is dominated by blue males, blue males will thrive when the 
population is mostly yellow males, and yellow males will be selected for 
when orange males are the most populous. As a result, populations of side- 
blotched lizards cycle in the distribution of these phenotypes—in one 
generation, orange might be predominant, and then yellow males will begin 
to rise in frequency. Once yellow males make up a majority of the 
population, blue males will be selected for. Finally, when blue males 
become common, orange males will once again be favored. 


Negative frequency-dependent selection serves to increase the population’s 
genetic variance by selecting for rare phenotypes, whereas positive 


frequency-dependent selection usually decreases genetic variance by 
selecting for common phenotypes. 


Sexual Selection 


Males and females of certain species are often quite different from one 
another in ways beyond the reproductive organs. Males are often larger, for 
example, and display many elaborate colors and adornments, like the 
peacock’s tail, while females tend to be smaller and duller in decoration. 
Such differences are known as sexual dimorphisms ([link]), which arise 
from the fact that in many populations, particularly animal populations, 
there is more variance in the reproductive success of the males than there is 
of the females. That is, some males—often the bigger, stronger, or more 
decorated males—get the vast majority of the total matings, while others 
receive none. This can occur because the males are better at fighting off 
other males, or because females will choose to mate with the bigger or more 
decorated males. In either case, this variation in reproductive success 
generates a strong selection pressure among males to get those matings, 
resulting in the evolution of bigger body size and elaborate ornaments to get 
the females’ attention. Females, on the other hand, tend to get a handful of 
selected matings; therefore, they are more likely to select more desirable 
males. 


Sexual dimorphism varies widely among species, of course, and some 
species are even sex-role reversed. In such cases, females tend to have a 
greater variance in their reproductive success than males and are 
correspondingly selected for the bigger body size and elaborate traits 
usually characteristic of males. 


Sexual dimorphism is observed in (a) peacocks and 
peahens, (b) Argiope appensa spiders (the female spider is 
the large one), and in (c) wood ducks. (credit “spiders”: 
modification of work by “Sanba38”/Wikimedia Commons; 
credit “duck”: modification of work by Kevin Cole) 


The selection pressures on males and females to obtain matings is known as 
sexual selection; it can result in the development of secondary sexual 
characteristics that do not benefit the individual’s likelihood of survival but 
help to maximize its reproductive success. Sexual selection can be so strong 
that it selects for traits that are actually detrimental to the individual’s 
survival. Think, once again, about the peacock’s tail. While it is beautiful 
and the male with the largest, most colorful tail is more likely to win the 
female, it is not the most practical appendage. In addition to being more 
visible to predators, it makes the males slower in their attempted escapes. 
There is some evidence that this risk, in fact, is why females like the big 
tails in the first place. The speculation is that large tails carry risk, and only 
the best males survive that risk: the bigger the tail, the more fit the male. 
This idea is known as the handicap principle. 


The good genes hypothesis states that males develop these impressive 
ornaments to show off their efficient metabolism or their ability to fight 
disease. Females then choose males with the most impressive traits because 
it signals their genetic superiority, which they will then pass on to their 
offspring. Though it might be argued that females should not be picky 
because it will likely reduce their number of offspring, if better males father 


more fit offspring, it may be beneficial. Fewer, healthier offspring may 
increase the chances of survival more than many, weaker offspring. 


Note: 
Link to Learning 
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In 1915, biologist Ronald Fisher proposed another model of sexual 
selection: the Fisherian runaway model, which suggests that selection of 
certain traits is a result of sexual preference. 


In both the handicap principle and the good genes hypothesis, the trait is 
said to be an honest signal of the males’ quality, thus giving females a way 
to find the fittest mates— males that will pass the best genes to their 
offspring. 


No Perfect Organism 


Natural selection is a driving force in evolution and can generate 
populations that are better adapted to survive and successfully reproduce in 
their environments. But natural selection cannot produce the perfect 
organism. Natural selection can only select on existing variation in the 
population; it does not create anything from scratch. Thus, it is limited by a 
population’s existing genetic variance and whatever new alleles arise 
through mutation and gene flow. 


Natural selection is also limited because it works at the level of individuals, 
not alleles, and some alleles are linked due to their physical proximity in the 


genome, making them more likely to be passed on together (linkage 
disequilibrium). Any given individual may carry some beneficial alleles and 
some unfavorable alleles. It is the net effect of these alleles, or the 
organism’s fitness, upon which natural selection can act. As a result, good 
alleles can be lost if they are carried by individuals that also have several 
overwhelmingly bad alleles; likewise, bad alleles can be kept if they are 
carried by individuals that have enough good alleles to result in an overall 
fitness benefit. 


Furthermore, natural selection can be constrained by the relationships 
between different polymorphisms. One morph may confer a higher fitness 
than another, but may not increase in frequency due to the fact that going 
from the less beneficial to the more beneficial trait would require going 
through a less beneficial phenotype. Think back to the mice that live at the 
beach. Some are light-colored and blend in with the sand, while others are 
dark and blend in with the patches of grass. The dark-colored mice may be, 
overall, more fit than the light-colored mice, and at first glance, one might 
expect the light-colored mice be selected for a darker coloration. But 
remember that the intermediate phenotype, a medium-colored coat, is very 
bad for the mice—they cannot blend in with either the sand or the grass and 
are more likely to be eaten by predators. As a result, the light-colored mice 
would not be selected for a dark coloration because those individuals that 
began moving in that direction (began being selected for a darker coat) 
would be less fit than those that stayed light. 


Finally, it is important to understand that not all evolution is adaptive. 
While natural selection selects the fittest individuals and often results in a 
more fit population overall, other forces of evolution, including genetic drift 
and gene flow, often do the opposite: introducing deleterious alleles to the 
population’s gene pool. Evolution has no purpose—it is not changing a 
population into a preconceived ideal. It is simply the sum of the various 
forces described in this chapter and how they influence the genetic and 
phenotypic variance of a population. 


Section Summary 


Because natural selection acts to increase the frequency of beneficial alleles 
and traits while decreasing the frequency of deleterious qualities, it is 
adaptive evolution. Natural selection acts at the level of the individual, 
selecting for those that have a higher overall fitness compared to the rest of 
the population. If the fit phenotypes are those that are similar, natural 
selection will result in stabilizing selection, and an overall decrease in the 
population’s variation. Directional selection works to shift a population’s 
variance toward a new, fit phenotype, as environmental conditions change. 
In contrast, diversifying selection results in increased genetic variance by 
selecting for two or more distinct phenotypes. 


Other types of selection include frequency-dependent selection, in which 
individuals with either common (positive frequency-dependent selection) or 
rare (negative frequency-dependent selection) are selected for. Finally, 
sexual selection results from the fact that one sex has more variance in the 
reproductive success than the other. As a result, males and females 
experience different selective pressures, which can often lead to the 
evolution of phenotypic differences, or sexual dimorphisms, between the 
two. 


Art Connection 


Exercise: 


Problem: 
[link] In recent years, factories have become cleaner, and less soot is 
released into the environment. What impact do you think this has had 


on the distribution of moth color in the population? 


Solution: 


[link] Moths have shifted to a lighter color. 


Review Questions 


Exercise: 


Problem: 


Which type of selection results in greater genetic variance in a 
population? 


a. stabilizing selection 

b. directional selection 

c. diversifying selection 

d. positive frequency-dependent selection 


Solution: 


Cc 
Exercise: 
Problem: 


When males and females of a population look or act differently, it is 
referred to as 


a. sexual dimorphism 
b. sexual selection 

c. diversifying selection 
d. acline 


Solution: 


A 


Exercise: 


Problem:The good genes hypothesis is a theory that explains what? 


a. why more fit individuals are more likely to have more offspring 

b. why alleles that confer beneficial traits or behaviors are selected 
for by natural selection 

c. why some deleterious mutations are maintained in the population 


d. why individuals of one sex develop impressive ornamental traits 


Solution: 


D 


Free Response 


Exercise: 


Problem: 


Give an example of a trait that may have evolved as a result of the 
handicap principle and explain your reasoning. 


Solution: 


The peacock’s tail is a good example of the handicap principle. The 
tail, which makes the males more visible to predators and less able to 
escape, is clearly a disadvantage to the bird’s survival. But because it 
is a disadvantage, only the most fit males should be able to survive 
with it. Thus, the tail serves as an honest signal of quality to the 
females of the population; therefore, the male will earn more matings 
and greater reproductive success. 


Exercise: 
Problem: 


List the ways in which evolution can affect population variation and 
describe how they influence allele frequencies. 


Solution: 


There are several ways evolution can affect population variation: 
stabilizing selection, directional selection, diversifying selection, 
frequency-dependent selection, and sexual selection. As these 
influence the allele frequencies in a population, individuals can either 


become more or less related, and the phenotypes displayed can become 
more similar or more disparate. 


Glossary 


adaptive evolution 
increase in frequency of beneficial alleles and decrease in deleterious 
alleles due to selection 


directional selection 
selection that favors phenotypes at one end of the spectrum of existing 
variation 


diversifying selection 
selection that favors two or more distinct phenotypes 


evolutionary fitness 
(also, Darwinian fitness) individual’s ability to survive and reproduce 


frequency-dependent selection 
selection that favors phenotypes that are either common (positive 
frequency-dependent selection) or rare (negative frequency-dependent 
selection) 


good genes hypothesis 
theory of sexual selection that argues individuals develop impressive 
ormaments to show off their efficient metabolism or ability to fight 
disease 


handicap principle 
theory of sexual selection that argues only the fittest individuals can 
afford costly traits 


honest signal 
trait that gives a truthful impression of an individual’s fitness 


relative fitness 


individual’s ability to survive and reproduce relative to the rest of the 
population 


sexual dimorphism 
phenotypic difference between the males and females of a population 


stabilizing selection 
selection that favors average phenotypes 


Formation of New Species 
By the end of this section, you will be able to: 


¢ Define species and describe how species are identified as different 
e Describe genetic variables that lead to speciation 

e Identify prezygotic and postzygotic reproductive barriers 

Explain allopatric and sympatric speciation 

e Describe adaptive radiation 


Although all life on earth shares various genetic similarities, only certain 
organisms combine genetic information by sexual reproduction and have 
offspring that can then successfully reproduce. Scientists call such 
organisms members of the same biological species. 


Species and the Ability to Reproduce 


A species is a group of individual organisms that interbreed and produce 
fertile, viable offspring. According to this definition, one species is 
distinguished from another when, in nature, it is not possible for matings 
between individuals from each species to produce fertile offspring. 


Members of the same species share both external and internal 
characteristics, which develop from their DNA. The closer relationship two 
organisms share, the more DNA they have in common, just like people and 
their families. People’s DNA is likely to be more like their father or 
mother’s DNA than their cousin or grandparent’s DNA. Organisms of the 
same species have the highest level of DNA alignment and therefore share 
characteristics and behaviors that lead to successful reproduction. 


Species’ appearance can be misleading in suggesting an ability or inability 
to mate. For example, even though domestic dogs (Canis lupus familiaris) 
display phenotypic differences, such as size, build, and coat, most dogs can 
interbreed and produce viable puppies that can mature and sexually 
reproduce ([link]). 


The (a) poodle and (b) cocker spaniel can reproduce to 
produce a breed known as (c) the cockapoo. (credit a: 
modification of work by Sally Eller, Tom Reese; credit 
b: modification of work by Jeremy McWilliams; credit 
c: modification of work by Kathleen Conklin) 


In other cases, individuals may appear similar although they are not 
members of the same species. For example, even though bald eagles 
(Haliaeetus leucocephalus) and African fish eagles (Haliaeetus vocifer) are 
both birds and eagles, each belongs to a separate species group ({link]). If 
humans were to artificially intervene and fertilize the egg of a bald eagle 
with the sperm of an African fish eagle and a chick did hatch, that offspring, 
called a hybrid (a cross between two species), would probably be infertile 
—unable to successfully reproduce after it reached maturity. Different 
species may have different genes that are active in development; therefore, 
it may not be possible to develop a viable offspring with two different sets 
of directions. Thus, even though hybridization may take place, the two 
species still remain separate. 


The (a) African fish eagle is similar in 
appearance to the (b) bald eagle, but the two 
birds are members of different species. 
(credit a: modification of work by Nigel 
Wedge; credit b: modification of work by 
U.S. Fish and Wildlife Service) 


Populations of species share a gene pool: a collection of all the variants of 
genes in the species. Again, the basis to any changes in a group or 
population of organisms must be genetic for this is the only way to share 
and pass on traits. When variations occur within a species, they can only be 
passed to the next generation along two main pathways: asexual 
reproduction or sexual reproduction. The change will be passed on 
asexually simply if the reproducing cell possesses the changed trait. For the 
changed trait to be passed on by sexual reproduction, a gamete, such as a 
sperm or egg cell, must possess the changed trait. In other words, sexually- 
reproducing organisms can experience several genetic changes in their body 
cells, but if these changes do not occur in a sperm or egg cell, the changed 
trait will never reach the next generation. Only heritable traits can evolve. 
Therefore, reproduction plays a paramount role for genetic change to take 
root in a population or species. In short, organisms must be able to 
reproduce with each other to pass new traits to offspring. 


Speciation 


The biological definition of species, which works for sexually reproducing 
organisms, is a group of actually or potentially interbreeding individuals. 


There are exceptions to this rule. Many species are similar enough that 
hybrid offspring are possible and may often occur in nature, but for the 
majority of species this rule generally holds. In fact, the presence in nature 
of hybrids between similar species suggests that they may have descended 
from a single interbreeding species, and the speciation process may not yet 
be completed. 


Given the extraordinary diversity of life on the planet there must be 
mechanisms for speciation: the formation of two species from one original 
species. Darwin envisioned this process as a branching event and 
diagrammed the process in the only illustration found in On the Origin of 
Species ([{link]a). Compare this illustration to the diagram of elephant 
evolution ([link]b), which shows that as one species changes over time, it 
branches to form more than one new species, repeatedly, as long as the 
population survives or until the organism becomes extinct. 
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(a) (b) 


The only illustration in Darwin's On the Origin of Species is 
(a) a diagram showing speciation events leading to 
biological diversity. The diagram shows similarities to 
phylogenetic charts that are drawn today to illustrate the 
relationships of species. (b) Modern elephants evolved from 
the Palaeomastodon, a species that lived in Egypt 35—50 
million years ago. 


For speciation to occur, two new populations must be formed from one 
original population and they must evolve in such a way that it becomes 
impossible for individuals from the two new populations to interbreed. 
Biologists have proposed mechanisms by which this could occur that fall 
into two broad categories. Allopatric speciation (allo- = "other"; -patric = 
"homeland") involves geographic separation of populations from a parent 
species and subsequent evolution. Sympatric speciation (sym- = "same"; - 
patric = "homeland") involves speciation occurring within a parent species 
remaining in one location. 


Biologists think of speciation events as the splitting of one ancestral species 
into two descendant species. There is no reason why there might not be 
more than two species formed at one time except that it is less likely and 
multiple events can be conceptualized as single splits occurring close in 
time. 


Allopatric Speciation 


A geographically continuous population has a gene pool that is relatively 
homogeneous. Gene flow, the movement of alleles across the range of the 
species, is relatively free because individuals can move and then mate with 
individuals in their new location. Thus, the frequency of an allele at one end 
of a distribution will be similar to the frequency of the allele at the other 
end. When populations become geographically discontinuous, that free- 
flow of alleles is prevented. When that separation lasts for a period of time, 
the two populations are able to evolve along different trajectories. Thus, 
their allele frequencies at numerous genetic loci gradually become more 
and more different as new alleles independently arise by mutation in each 
population. Typically, environmental conditions, such as climate, resources, 
predators, and competitors for the two populations will differ causing 
natural selection to favor divergent adaptations in each group. 


Isolation of populations leading to allopatric speciation can occur in a 
variety of ways: a river forming a new branch, erosion forming a new 
valley, a group of organisms traveling to a new location without the ability 
to return, or seeds floating over the ocean to an island. The nature of the 


geographic separation necessary to isolate populations depends entirely on 
the biology of the organism and its potential for dispersal. If two flying 
insect populations took up residence in separate nearby valleys, chances 
are, individuals from each population would fly back and forth continuing 
gene flow. However, if two rodent populations became divided by the 
formation of a new lake, continued gene flow would be unlikely; therefore, 
speciation would be more likely. 


Biologists group allopatric processes into two categories: dispersal and 
vicariance. Dispersal is when a few members of a species move to a new 
geographical area, and vicariance is when a natural situation arises to 
physically divide organisms. 


Scientists have documented numerous cases of allopatric speciation taking 
place. For example, along the west coast of the United States, two separate 
sub-species of spotted owls exist. The northern spotted owl has genetic and 
phenotypic differences from its close relative: the Mexican spotted owl, 
which lives in the south ([link]). 


Mexican Spotted Owl 


The northern spotted owl and 


the Mexican spotted owl 
inhabit geographically 
separate locations with 
different climates and 
ecosystems. The owl is an 
example of allopatric 
speciation. (credit "northern 
spotted owl": modification of 
work by John and Karen 
Hollingsworth; credit 
"Mexican spotted owl": 
modification of work by Bill 
Radke) 


Additionally, scientists have found that the further the distance between two 
groups that once were the same species, the more likely it is that speciation 
will occur. This seems logical because as the distance increases, the various 
environmental factors would likely have less in common than locations in 
close proximity. Consider the two owls: in the north, the climate is cooler 
than in the south; the types of organisms in each ecosystem differ, as do 
their behaviors and habits; also, the hunting habits and prey choices of the 
southern owls vary from the northern owls. These variances can lead to 
evolved differences in the owls, and speciation likely will occur. 


Adaptive Radiation 


In some cases, a population of one species disperses throughout an area, 
and each finds a distinct niche or isolated habitat. Over time, the varied 
demands of their new lifestyles lead to multiple speciation events 
originating from a single species. This is called adaptive radiation because 
many adaptations evolve from a single point of origin; thus, causing the 
species to radiate into several new ones. Island archipelagos like the 
Hawaiian Islands provide an ideal context for adaptive radiation events 
because water surrounds each island which leads to geographical isolation 


for many organisms. The Hawaiian honeycreeper illustrates one example of 
adaptive radiation. From a single species, called the founder species, 
numerous species have evolved, including the six shown in [link]. 


The honeycreeper birds illustrate adaptive 
radiation. From one original species of 
bird, multiple others evolved, each with 

its own distinctive characteristics. 


Notice the differences in the species’ beaks in [link]. Evolution in response 
to natural selection based on specific food sources in each new habitat led 
to evolution of a different beak suited to the specific food source. The seed- 
eating bird has a thicker, stronger beak which is suited to break hard nuts. 
The nectar-eating birds have long beaks to dip into flowers to reach the 
nectar. The insect-eating birds have beaks like swords, appropriate for 


stabbing and impaling insects. Darwin’s finches are another example of 
adaptive radiation in an archipelago. 


Note: 
Link to Learning 


Click through this interactive site to see how island birds evolved in 
evolutionary increments from 5 million years ago to today. 


Sympatric Speciation 


Can divergence occur if no physical barriers are in place to separate 
individuals who continue to live and reproduce in the same habitat? The 
answer is yes. The process of speciation within the same space is called 
sympatric speciation; the prefix “sym” means same, so “sympatric” means 
“same homeland” in contrast to “allopatric” meaning “other homeland.” A 
number of mechanisms for sympatric speciation have been proposed and 
studied. 


One form of sympatric speciation can begin with a serious chromosomal 
error during cell division. In a normal cell division event chromosomes 
replicate, pair up, and then separate so that each new cell has the same 
number of chromosomes. However, sometimes the pairs separate and the 
end cell product has too many or too few individual chromosomes in a 
condition called aneuploidy ((link]). 


Note: 
Art Connection 


Aneuploidy Resulting in Offspring with 2n + 1 or 2n - 1 Chromosomes 


Nondisjunction Mating with 
during meiosis normal gamete 
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Aneuploidy results when the gametes have too 
many or too few chromosomes due to 
nondisjunction during meiosis. In the example 
shown here, the resulting offspring will have 
2n+1 or 2n-1 chromosomes 


Diploid (2n) 


Which is most likely to survive, offspring with 2n+1 chromosomes or 
offspring with 2n-1 chromosomes? 


Polyploidy is a condition in which a cell or organism has an extra set, or 
sets, of chromosomes. Scientists have identified two main types of 
polyploidy that can lead to reproductive isolation of an individual in the 
polyploidy state. Reproductive isolation is the inability to interbreed. In 
some cases, a polyploid individual will have two or more complete sets of 
chromosomes from its own species in a condition called autopolyploidy 
({link]). The prefix “auto-” means “self,” so the term means multiple 
chromosomes from one’s own species. Polyploidy results from an error in 


meiosis in which all of the chromosomes move into one cell instead of 
separating. 


Autopolyploidy Resulting in Offspring with Two Sets 
of Chromosomes 


¢3 — &® 


| Diploid parent (2n) Polyploid offspring (4n) 


Autopolyploidy results when 
mitosis is not followed by 
cytokinesis. 


For example, if a plant species with 2n = 6 produces autopolyploid gametes 
that are also diploid (2n = 6, when they should be n = 3), the gametes now 
have twice as many chromosomes as they should have. These new gametes 
will be incompatible with the normal gametes produced by this plant 
species. However, they could either self-pollinate or reproduce with other 
autopolyploid plants with gametes having the same diploid number. In this 
way, sympatric speciation can occur quickly by forming offspring with 4n 
called a tetraploid. These individuals would immediately be able to 
reproduce only with those of this new kind and not those of the ancestral 
species. 


The other form of polyploidy occurs when individuals of two different 
species reproduce to form a viable offspring called an allopolyploid. The 
prefix “allo-” means “other” (recall from allopatric): therefore, an 
allopolyploid occurs when gametes from two different species combine. 
[link] illustrates one possible way an allopolyploid can form. Notice how it 
takes two generations, or two reproductive acts, before the viable fertile 
hybrid results. 


Alloploidy Resulting from Viable Matings between Two Species 
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Alloploidy results when two species mate to 
produce viable offspring. In the example shown, a 
normal gamete from one species fuses with a 
polyploidy gamete from another. Two matings are 
necessary to produce viable offspring. 


The cultivated forms of wheat, cotton, and tobacco plants are all 
allopolyploids. Although polyploidy occurs occasionally in animals, it takes 
place most commonly in plants. (Animals with any of the types of 
chromosomal aberrations described here are unlikely to survive and 
produce normal offspring.) Scientists have discovered more than half of all 
plant species studied relate back to a species evolved through polyploidy. 
With such a high rate of polyploidy in plants, some scientists hypothesize 
that this mechanism takes place more as an adaptation than as an error. 


Reproductive Isolation 


Given enough time, the genetic and phenotypic divergence between 
populations will affect characters that influence reproduction: if individuals 
of the two populations were to be brought together, mating would be less 
likely, but if mating occurred, offspring would be non-viable or infertile. 
Many types of diverging characters may affect the reproductive isolation, 
the ability to interbreed, of the two populations. 


Reproductive isolation can take place in a variety of ways. Scientists 
organize them into two groups: prezygotic barriers and postzygotic barriers. 
Recall that a zygote is a fertilized egg: the first cell of the development of 
an organism that reproduces sexually. Therefore, a prezygotic barrier is a 
mechanism that blocks reproduction from taking place; this includes 
barriers that prevent fertilization when organisms attempt reproduction. A 
postzygotic barrier occurs after zygote formation; this includes organisms 
that don’t survive the embryonic stage and those that are born sterile. 


Some types of prezygotic barriers prevent reproduction entirely. Many 
organisms only reproduce at certain times of the year, often just annually. 
Differences in breeding schedules, called temporal isolation, can act as a 
form of reproductive isolation. For example, two species of frogs inhabit 
the same area, but one reproduces from January to March, whereas the 
other reproduces from March to May ((Link]). 


(a) (b) 


These two related frog species exhibit temporal 
reproductive isolation. (a) Rana aurora breeds 
earlier in the year than (b) Rana boylii. (credit 
a: modification of work by Mark R. Jennings, 

USFWS; credit b: modification of work by 
Alessandro Catenazzi) 


In some cases, populations of a species move or are moved to a new habitat 
and take up residence in a place that no longer overlaps with the other 


populations of the same species. This situation is called habitat isolation. 
Reproduction with the parent species ceases, and a new group exists that is 
now reproductively and genetically independent. For example, a cricket 
population that was divided after a flood could no longer interact with each 
other. Over time, the forces of natural selection, mutation, and genetic drift 
will likely result in the divergence of the two groups ([link]). 


(a) Gryllus pennsylvanicus prefers (b) Gryllus firmus prefers loamy soil. 
sandy soil. 


Speciation can occur when two populations 
occupy different habitats. The habitats need 
not be far apart. The cricket (a) Gryllus 
pennsylvanicus prefers sandy soil, and the 
cricket (b) Gryllus firmus prefers loamy soil. 
The two species can live in close proximity, 
but because of their different soil 
preferences, they became genetically 
isolated. 


Behavioral isolation occurs when the presence or absence of a specific 
behavior prevents reproduction from taking place. For example, male 
fireflies use specific light patterns to attract females. Various species of 
fireflies display their lights differently. If a male of one species tried to 
attract the female of another, she would not recognize the light pattern and 
would not mate with the male. 


Other prezygotic barriers work when differences in their gamete cells (eggs 
and sperm) prevent fertilization from taking place; this is called a gametic 
barrier. Similarly, in some cases closely related organisms try to mate, but 
their reproductive structures simply do not fit together. For example, 
damselfly males of different species have differently shaped reproductive 
organs. If one species tries to mate with the female of another, their body 
parts simply do not fit together. ((link]). 


SG G&S ame 


The shape of the male reproductive organ varies 
among male damselfly species, and is only compatible 
with the female of that species. Reproductive organ 
incompatibility keeps the species reproductively 
isolated. 


In plants, certain structures aimed to attract one type of pollinator 
simultaneously prevent a different pollinator from accessing the pollen. The 
tunnel through which an animal must access nectar can vary widely in 
length and diameter, which prevents the plant from being cross-pollinated 
with a different species ((link]). 


(a) Honeybee drinking nectar (b) Ruby-throated hummingbird drinking nectar from a 
from a foxglove flower trumpet creeper flower 


Some flowers have evolved to attract certain 
pollinators. The (a) wide foxglove flower is 
adapted for pollination by bees, while the (b) 
long, tube-shaped trumpet creeper flower is 
adapted for pollination by humming birds. 


When fertilization takes place and a zygote forms, postzygotic barriers can 
prevent reproduction. Hybrid individuals in many cases cannot form 
normally in the womb and simply do not survive past the embryonic stages. 
This is called hybrid inviability because the hybrid organisms simply are 
not viable. In another postzygotic situation, reproduction leads to the birth 
and growth of a hybrid that is sterile and unable to reproduce offspring of 
their own; this is called hybrid sterility. 


Habitat Influence on Speciation 


Sympatric speciation may also take place in ways other than polyploidy. 
For example, consider a species of fish that lives in a lake. As the 
population grows, competition for food also grows. Under pressure to find 
food, suppose that a group of these fish had the genetic flexibility to 
discover and feed off another resource that was unused by the other fish. 
What if this new food source was found at a different depth of the lake? 
Over time, those feeding on the second food source would interact more 
with each other than the other fish; therefore, they would breed together as 
well. Offspring of these fish would likely behave as their parents: feeding 


and living in the same area and keeping separate from the original 
population. If this group of fish continued to remain separate from the first 
population, eventually sympatric speciation might occur as more genetic 
differences accumulated between them. 


This scenario does play out in nature, as do others that lead to reproductive 
isolation. One such place is Lake Victoria in Africa, famous for its 
sympatric speciation of cichlid fish. Researchers have found hundreds of 
sympatric speciation events in these fish, which have not only happened in 
great number, but also over a short period of time. [link] shows this type of 
speciation among a cichlid fish population in Nicaragua. In this locale, two 
types of cichlids live in the same geographic location but have come to have 
different morphologies that allow them to eat various food sources. 


Thin-lipped cichlid Thick-lipped cichlid 


Cichlid fish from Lake Apoyeque, Nicaragua, show evidence 
of sympatric speciation. Lake Apoyeque, a crater lake, is 1800 
years old, but genetic evidence indicates that the lake was 
populated only 100 years ago by a single population of cichlid 
fish. Nevertheless, two populations with distinct morphologies 
and diets now exist in the lake, and scientists believe these 
populations may be in an early stage of speciation. 


Section Summary 


Speciation occurs along two main pathways: geographic separation 
(allopatric speciation) and through mechanisms that occur within a shared 
habitat (sympatric speciation). Both pathways isolate a population 


reproductively in some form. Mechanisms of reproductive isolation act as 
barriers between closely related species, enabling them to diverge and exist 
as genetically independent species. Prezygotic barriers block reproduction 
prior to formation of a zygote, whereas postzygotic barriers block 
reproduction after fertilization occurs. For a new species to develop, 
something must cause a breach in the reproductive barriers. Sympatric 
speciation can occur through errors in meiosis that form gametes with extra 
chromosomes (polyploidy). Autopolyploidy occurs within a single species, 
whereas allopolyploidy occurs between closely related species. 


Art Connections 


Exercise: 


Problem: 


[link] Which is most likely to survive, offspring with 2n+1 
chromosomes or offspring with 2n-1 chromosomes? 


Solution: 
[link] Loss of genetic material is almost always lethal, so offspring 
with 2n+1 chromosomes are more likely to survive. 

Review Questions 


Exercise: 


Problem: 
Which situation would most likely lead to allopatric speciation? 


a. flood causes the formation of a new lake. 

b. A storm causes several large trees to fall down. 

c. A mutation causes a new trait to develop. 

d. An injury causes an organism to seek out a new food source. 


Solution: 


A 
Exercise: 


Problem: 
What is the main difference between dispersal and vicariance? 


a. One leads to allopatric speciation, whereas the other leads to 
sympatric speciation. 

b. One involves the movement of the organism, and the other 
involves a change in the environment. 

c. One depends on a genetic mutation occurring, and the other does 
not. 

d. One involves closely related organisms, and the other involves 
only individuals of the same species. 


Solution: 


B 
Exercise: 


Problem: 


Which variable increases the likelihood of allopatric speciation taking 
place more quickly? 


a. lower rate of mutation 

b. longer distance between divided groups 

c. increased instances of hybrid formation 

d. equivalent numbers of individuals in each population 


Solution: 


B 


Exercise: 


Problem: 
What is the main difference between autopolyploid and allopolyploid? 


a. the number of chromosomes 

b. the functionality of the chromosomes 

c. the source of the extra chromosomes 

d. the number of mutations in the extra chromosomes 


Solution: 


C 


Exercise: 


Problem: Which reproductive combination produces hybrids? 


a. when individuals of the same species in different geographical 
areas reproduce 

b. when any two individuals sharing the same habitat reproduce 

c. when members of closely related species reproduce 

d. when offspring of the same parents reproduce 


Solution: 


C 
Exercise: 


Problem: 


Which condition is the basis for a species to be reproductively isolated 
from other members? 


a. It does not share its habitat with related species. 
b. It does not exist out of a single habitat. 


c. It does not exchange genetic information with other species. 
d. It does not undergo evolutionary changes for a significant period 
of time. 


Solution: 


‘s 


Exercise: 


Problem: Which situation is not an example of a prezygotic barrier? 


a. Two species of turtles breed at different times of the year. 
b. Two species of flowers attract different pollinators. 

c. Two species of birds display different mating dances. 

d. Two species of insects produce infertile offspring. 


Solution: 


1D) 


Free Response 


Exercise: 
Problem: 


Why do island chains provide ideal conditions for adaptive radiation to 
occur? 


Solution: 


Organisms of one species can arrive to an island together and then 
disperse throughout the chain, each settling into different niches and 
exploiting different food resources to reduce competition. 


Exercise: 


Problem: 


Two species of fish had recently undergone sympatric speciation. The 
males of each species had a different coloring through which the 
females could identify and choose a partner from her own species. 
After some time, pollution made the lake so cloudy that it was hard for 
females to distinguish colors. What might take place in this situation? 


Solution: 
It is likely the two species would start to reproduce with each other. 


Depending on the viability of their offspring, they may fuse back into 
one species. 


Exercise: 


Problem: 

Why can polyploidy individuals lead to speciation fairly quickly? 
Solution: 

The formation of gametes with new n numbers can occur in one 
generation. After a couple of generations, enough of these new hybrids 
can form to reproduce together as a new species. 


Glossary 


adaptive radiation 
speciation when one species radiates out to form several other species 


allopatric speciation 
speciation that occurs via geographic separation 


allopolyploid 
polyploidy formed between two related, but separate species 


aneuploidy 


condition of a cell having an extra chromosome or missing a 
chromosome for its species 


autopolyploid 
polyploidy formed within a single species 


behavioral isolation 
type of reproductive isolation that occurs when a specific behavior or 
lack of one prevents reproduction from taking place 


dispersal 
allopatric speciation that occurs when a few members of a species 
move to anew geographical area 


gametic barrier 
prezygotic barrier occurring when closely related individuals of 
different species mate, but differences in their gamete cells (eggs and 
sperm) prevent fertilization from taking place 


habitat isolation 
reproductive isolation resulting when populations of a species move or 
are moved to a new habitat, taking up residence in a place that no 
longer overlaps with the other populations of the same species 


hybrid 
offspring of two closely related individuals, not of the same species 


postzygotic barrier 
reproductive isolation mechanism that occurs after zygote formation 


prezygotic barrier 
reproductive isolation mechanism that occurs before zygote formation 


reproductive isolation 
situation that occurs when a species is reproductively independent 
from other species; this may be brought about by behavior, location, or 
reproductive barriers 


speciation 
formation of a new species 


species 
group of populations that interbreed and produce fertile offspring 


sympatric speciation 
speciation that occurs in the same geographic space 


temporal isolation 
differences in breeding schedules that can act as a form of prezygotic 
barrier leading to reproductive isolation 


vicariance 
allopatric speciation that occurs when something in the environment 
separates organisms of the same species into separate groups 


Determining Evolutionary Relationships 
By the end of this section, you will be able to: 


¢ Compare homologous and analogous traits 
e Discuss the purpose of cladistics 
e Describe maximum parsimony 


Scientists must collect accurate information that allows them to make 
evolutionary connections among organisms. Similar to detective work, 
scientists must use evidence to uncover the facts. In the case of phylogeny, 
evolutionary investigations focus on two types of evidence: morphologic 
(form and function) and genetic. 


Two Options for Similarities 


In general, organisms that share similar physical features and genomes tend 
to be more closely related than those that do not. Such features that overlap 
both morphologically (in form) and genetically are referred to as 
homologous structures; they stem from developmental similarities that are 
based on evolution. For example, the bones in the wings of bats and birds 
have homologous structures ({link]). 


Homologous Structures 
S 


(a) Bird wing (b) Bat wing 


Bat and bird wings are homologous structures, 
indicating that bats and birds share a common 
evolutionary past. (credit a: modification of work 


by Steve Hillebrand, USFWS; credit b: 
modification of work by U.S. DOI BLM) 


Notice it is not simply a single bone, but rather a grouping of several bones 
arranged in a similar way. The more complex the feature, the more likely 
any kind of overlap is due to a common evolutionary past. Imagine two 
people from different countries both inventing a car with all the same parts 
and in exactly the same arrangement without any previous or shared 
knowledge. That outcome would be highly improbable. However, if two 
people both invented a hammer, it would be reasonable to conclude that 
both could have the original idea without the help of the other. The same 
relationship between complexity and shared evolutionary history is true for 
homologous structures in organisms. 


Misleading Appearances 


Some organisms may be very closely related, even though a minor genetic 
change caused a major morphological difference to make them look quite 
different. Similarly, unrelated organisms may be distantly related, but 
appear very much alike. This usually happens because both organisms were 
in common adaptations that evolved within similar environmental 
conditions. When similar characteristics occur because of environmental 
constraints and not due to a close evolutionary relationship, it is called an 
analogy or homoplasy. For example, insects use wings to fly like bats and 
birds, but the wing structure and embryonic origin is completely different. 
These are called analogous structures ((link]). 


Similar traits can be either homologous or analogous. Homologous 
structures share a similar embryonic origin; analogous organs have a similar 
function. For example, the bones in the front flipper of a whale are 
homologous to the bones in the human arm. These structures are not 
analogous. The wings of a butterfly and the wings of a bird are analogous 
but not homologous. Some structures are both analogous and homologous: 
the wings of a bird and the wings of a bat are both homologous and 


analogous. Scientists must determine which type of similarity a feature 
exhibits to decipher the phylogeny of the organisms being studied. 


(a) Bat wing (b) Bird wing 


(c) Insect wing 


The (c) wing of a honeybee is similar in shape to a 
(b) bird wing and (a) bat wing, and it serves the 
same function. However, the honeybee wing is not 
composed of bones and has a distinctly different 
structure and embryonic origin. These wing types 
(insect versus bat and bird) illustrate an analogy— 
similar structures that do not share an evolutionary 
history. (credit a: modification of work by Steve 
Hillebrand, USFWS; credit b: modification of 
work by U.S. DOI BLM; credit c: modification of 
work by Jon Sullivan) 


Note: 
Link to Learning 


, 
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This website has several examples to show how appearances can be 
misleading in understanding the phylogenetic relationships of organisms. 


Molecular Comparisons 


With the advancement of DNA technology, the area of molecular 
systematics, which describes the use of information on the molecular level 
including DNA analysis, has blossomed. New computer programs not only 
confirm many earlier classified organisms, but also uncover previously 
made errors. As with physical characteristics, even the DNA sequence can 
be tricky to read in some cases. For some situations, two very closely 
related organisms can appear unrelated if a mutation occurred that caused a 
shift in the genetic code. An insertion or deletion mutation would move 
each nucleotide base over one place, causing two similar codes to appear 
unrelated. 


Sometimes two segments of DNA code in distantly related organisms 
randomly share a high percentage of bases in the same locations, causing 
these organisms to appear closely related when they are not. For both of 
these situations, computer technologies have been developed to help 
identify the actual relationships, and, ultimately, the coupled use of both 
morphologic and molecular information is more effective in determining 
phylogeny. 


Note: 


Evolution Connection 

Why Does Phylogeny Matter? 

Evolutionary biologists could list many reasons why understanding 
phylogeny is important to everyday life in human society. For botanists, 
phylogeny acts as a guide to discovering new plants that can be used to 
benefit people. Think of all the ways humans use plants—food, medicine, 
and clothing are a few examples. If a plant contains a compound that is 
effective in treating cancer, scientists might want to examine all of the 
relatives of that plant for other useful drugs. 

A research team in China identified a segment of DNA thought to be 
common to some medicinal plants in the family Fabaceae (the legume 
family) and worked to identify which species had this segment ((Link]). 
After testing plant species in this family, the team found a DNA marker (a 
known location on a chromosome that enabled them to identify the 
species) present. Then, using the DNA to uncover phylogenetic 
relationships, the team could identify whether a newly discovered plant 
was in this family and assess its potential medicinal properties. 


XXIV, 


Dalbergia Sissoo, Aoxb 


Dalbergia sissoo (D. sissoo) is in 
the Fabaceae, or legume family. 
Scientists found that D. sissoo 
shares a DNA marker with species 
within the Fabaceae family that 
have antifungal properties. 
Subsequently, D. sissoo was 
shown to have fungicidal activity, 
supporting the idea that DNA 
markers can be used to screen for 
plants with potential medicinal 
properties. 


Building Phylogenetic Trees 


How do scientists construct phylogenetic trees? After the homologous and 
analogous traits are sorted, scientists often organize the homologous traits 
using a system called cladistics. This system sorts organisms into clades: 
groups of organisms that descended from a single ancestor. For example, in 
[link], all of the organisms in the orange region evolved from a single 
ancestor that had amniotic eggs. Consequently, all of these organisms also 
have amniotic eggs and make a single clade, also called a monophyletic 
group. Clades must include all of the descendants from a branch point. 


Note: 
Art Connection 


Lancelet Lamprey Fish Lizard Rabbit Human 


Lizards, rabbits, and humans all 
descend from a common ancestor that 
had an amniotic egg. Thus, lizards, 
rabbits, and humans all belong to the 
clade Amniota. Vertebrata is a larger 
clade that also includes fish and 
lamprey. 


Which animals in this figure belong to a clade that includes animals with 
hair? Which evolved first, hair or the amniotic egg? 


Clades can vary in size depending on which branch point is being 
referenced. The important factor is that all of the organisms in the clade or 
monophyletic group stem from a single point on the tree. This can be 
remembered because monophyletic breaks down into “mono,” meaning 
one, and “phyletic,’ meaning evolutionary relationship. [link] shows 
various examples of clades. Notice how each clade comes from a single 
point, whereas the non-clade groups show branches that do not share a 


single point. 


Note: 
Art Connection 


Clades 


Slime Slime 
Entamoebae molds Animals Entamoebae molds Animals 
Fungi Fungi 


Plants Plants 
Ciliates Ciliates 
Flagellates Flagellates 
Trichomonads Trichomonads 
Microsporidia Microsporidia 
Diplomonads Diplomonads 


Not Clades 


Slime Slime 
Entamoebae molds Animals Entamoebae molds Animals 
Fungi Fungi 


Plants Plants 
Ciliates Ciliates 


Flagellates Flagellates 


Trichomonads 
Microsporidia 
Diplomonads 


Trichomonads 
Microsporidia 
Diplomonads 


All the organisms within a clade stem from a 
single point on the tree. A clade may contain 
multiple groups, as in the case of animals, 
fungi and plants, or a single group, as in the 
case of flagellates. Groups that diverge at a 
different branch point, or that do not include 
all groups in a single branch point, are not 
considered clades. 


What is the largest clade in this diagram? 


Shared Characteristics 


Organisms evolve from common ancestors and then diversify. Scientists use 
the phrase “descent with modification” because even though related 
organisms have many of the same characteristics and genetic codes, 
changes occur. This pattern repeats over and over as one goes through the 
phylogenetic tree of life: 


1. A change in the genetic makeup of an organism leads to a new trait 
which becomes prevalent in the group. 

2. Many organisms descend from this point and have this trait. 

3. New variations continue to arise: some are adaptive and persist, 
leading to new traits. 

4, With new traits, a new branch point is determined (go back to step 1 
and repeat). 


If a characteristic is found in the ancestor of a group, it is considered a 
shared ancestral character because all of the organisms in the taxon or 
clade have that trait. The vertebrate in [link] is a shared ancestral character. 
Now consider the amniotic egg characteristic in the same figure. Only some 
of the organisms in [link] have this trait, and to those that do, it is called a 
shared derived character because this trait derived at some point but does 
not include all of the ancestors in the tree. 


The tricky aspect to shared ancestral and shared derived characters is the 
fact that these terms are relative. The same trait can be considered one or 
the other depending on the particular diagram being used. Returning to 
[link], note that the amniotic egg is a shared ancestral character for the 
Amniota clade, while having hair is a shared derived character for some 
organisms in this group. These terms help scientists distinguish between 
clades in the building of phylogenetic trees. 


Choosing the Right Relationships 


Imagine being the person responsible for organizing all of the items ina 
department store properly—an overwhelming task. Organizing the 
evolutionary relationships of all life on Earth proves much more difficult: 
scientists must span enormous blocks of time and work with information 
from long-extinct organisms. Trying to decipher the proper connections, 
especially given the presence of homologies and analogies, makes the task 
of building an accurate tree of life extraordinarily difficult. Add to that the 
advancement of DNA technology, which now provides large quantities of 
genetic sequences to be used and analyzed. Taxonomy is a subjective 


discipline: many organisms have more than one connection to each other, so 
each taxonomist will decide the order of connections. 


To aid in the tremendous task of describing phylogenies accurately, 
scientists often use a concept called maximum parsimony, which means 
that events occurred in the simplest, most obvious way. For example, if a 
group of people entered a forest preserve to go hiking, based on the 
principle of maximum parsimony, one could predict that most of the people 
would hike on established trails rather than forge new ones. 


For scientists deciphering evolutionary pathways, the same idea is used: the 
pathway of evolution probably includes the fewest major events that 
coincide with the evidence at hand. Starting with all of the homologous 
traits in a group of organisms, scientists look for the most obvious and 
simple order of evolutionary events that led to the occurrence of those traits. 


Note: 
Link to Learning 


Head to this website to learn how maximum parsimony is used to create 
phylogenetic trees. 

These tools and concepts are only a few of the strategies scientists use to 
tackle the task of revealing the evolutionary history of life on Earth. 
Recently, newer technologies have uncovered surprising discoveries with 
unexpected relationships, such as the fact that people seem to be more 
closely related to fungi than fungi are to plants. Sound unbelievable? As 
the information about DNA sequences grows, scientists will become closer 
to mapping the evolutionary history of all life on Earth. 


Section Summary 


To build phylogenetic trees, scientists must collect accurate information that 
allows them to make evolutionary connections between organisms. Using 
morphologic and molecular data, scientists work to identify homologous 
characteristics and genes. Similarities between organisms can stem either 
from shared evolutionary history (homologies) or from separate 
evolutionary paths (analogies). Newer technologies can be used to help 
distinguish homologies from analogies. After homologous information is 
identified, scientists use cladistics to organize these events as a Means to 
determine an evolutionary timeline. Scientists apply the concept of 
maximum parsimony, which states that the order of events probably 
occurred in the most obvious and simple way with the least amount of 
steps. For evolutionary events, this would be the path with the least number 
of major divergences that correlate with the evidence. 


Art Connections 


Exercise: 


Problem: 


[link] Which animals in this figure belong to a clade that includes 
animals with hair? Which evolved first, hair or the amniotic egg? 


Solution: 
[link] Rabbits and humans belong in the clade that includes animals 


with hair. The amniotic egg evolved before hair because the Amniota 
clade is larger than the clade that encompasses animals with hair. 


Exercise: 


Problem: [link] What is the largest clade in this diagram? 
Solution: 


[link] The largest clade encompasses the entire tree. 


Review Questions 


Exercise: 


Problem: Which statement about analogies is correct? 


a. They occur only as errors. 

b. They are synonymous with homologous traits. 

c. They are derived by similar environmental constraints. 
d. They are a form of mutation. 


Solution: 


iG 


Exercise: 


Problem: What do scientists use to apply cladistics? 


a. homologous traits 

b. homoplasies 

c. analogous traits 

d. monophyletic groups 


Solution: 


A 
Exercise: 


Problem: 
What is true about organisms that are a part of the same clade? 


a. They all share the same basic characteristics. 
b. They evolved from a shared ancestor. 


c. They usually fall into the same classification taxa. 
d. They have identical phylogenies. 


Solution: 


B 
Exercise: 


Problem: 
Why do scientists apply the concept of maximum parsimony? 


a. to decipher accurate phylogenies 

b. to eliminate analogous traits 

c. to identify mutations in DNA codes 
d. to locate homoplasies 


Solution: 


A 


Free Response 


Exercise: 
Problem: 


Dolphins and fish have similar body shapes. Is this feature more likely 
a homologous or analogous trait? 


Solution: 


Dolphins are mammals and fish are not, which means that their 
evolutionary paths (phylogenies) are quite separate. Dolphins probably 
adapted to have a similar body plan after returning to an aquatic 
lifestyle, and, therefore, this trait is probably analogous. 


Exercise: 
Problem: 
Why is it so important for scientists to distinguish between 


homologous and analogous characteristics before building 
phylogenetic trees? 


Solution: 


Phylogenetic trees are based on evolutionary connections. If an 
analogous similarity were used on a tree, this would be erroneous and, 
furthermore, would cause the subsequent branches to be inaccurate. 


Exercise: 


Problem: Describe maximum parsimony. 
Solution: 


Maximum parsimony hypothesizes that events occurred in the 
simplest, most obvious way, and the pathway of evolution probably 
includes the fewest major events that coincide with the evidence at 
hand. 


Glossary 


analogy 
(also, homoplasy) characteristic that is similar between organisms by 
convergent evolution, not due to the same evolutionary path 


cladistics 
system used to organize homologous traits to describe phylogenies 


maximum parsimony 
applying the simplest, most obvious way with the least number of 
steps 


molecular systematics 
technique using molecular evidence to identify phylogenetic 
relationships 


monophyletic group 
(also, clade) organisms that share a single ancestor 


shared ancestral character 
describes a characteristic on a phylogenetic tree that is shared by all 
organisms on the tree 


shared derived character 
describes a characteristic on a phylogenetic tree that is shared only by 
a certain clade of organisms 


Evidence of Evolution 
By the end of this section, you will be able to: 


e Explain sources of evidence for evolution 
e Define homologous and vestigial structures 


The evidence for evolution is compelling and extensive. Looking at every 
level of organization in living systems, biologists see the signature of past 
and present evolution. Darwin dedicated a large portion of his book, On the 
Origin of Species, identifying patterns in nature that were consistent with 
evolution and since Darwin our understanding has become clearer and 
broader. 


Fossils 


Fossils provide solid evidence that organisms from the past are not the same 
as those found today; fossils show a progression of evolution. Scientists 
determine the age of fossils and categorize them all over the world to 
determine when the organisms lived relative to each other. The resulting 
fossil record tells the story of the past, and shows the evolution of form over 
millions of years ({link]). For example, highly detailed fossil records have 
been recovered for sequences of species in the evolution of whales and 
modern horses. The fossil record of horses in North America is especially 
rich and many contain transition fossils: those showing intermediate 
anatomy between earlier and later forms. The fossil record extends back to 
a dog-like ancestor some 55 million years ago that gave rise to the first 
horse-like species 55 to 42 million years ago in the genus Eohippus. The 
series of fossils tracks the change in anatomy resulting from a gradual 
drying trend that changed the landscape from a forested one to a prairie. 
Successive fossils show the evolution of teeth shapes and foot and leg 
anatomy to a grazing habit, with adaptations for escaping predators, for 
example in species of Mesohippus found from 40 to 30 million years ago. 
Later species showed gains in size, such as those of Hipparion, which 
existed from about 23 to 2 million years ago. The fossil record shows 
several adaptive radiations in the horse lineage, which is now much reduced 
to only one genus, Equus, with several species. 


Eohippus Mesohippus Hipparion Przewalski horse 


55-45 million years ago 40-30 million years ago 23-2 million years ago recent 
"vr SS A. 2 
55 million 


years ago Today 


This illustration shows an artist’s renderings of these species 
derived from fossils of the evolutionary history of the horse and its 
ancestors. The species depicted are only four from a very diverse 
lineage that contains many branches, dead ends, and adaptive 
radiations. One of the trends, depicted here is the evolutionary 
tracking of a drying climate and increase in prairie versus forest 
habitat reflected in forms that are more adapted to grazing and 
predator escape through running. Przewalski's horse is one of a 
few living species of horse. 


Anatomy and Embryology 


Another type of evidence for evolution is the presence of structures in 
organisms that share the same basic form. For example, the bones in the 
appendages of a human, dog, bird, and whale all share the same overall 
construction ([link]). That similarity results from their origin in the 
appendages of a common ancestor. Over time, evolution led to changes in 
the shapes and sizes of these bones in different species, but they have 
maintained the same overall layout, evidence of descent from a common 
ancestor. Scientists call these synonymous parts homologous structures. 


Some structures exist in organisms that have no apparent function at all, and 


appear to be residual parts from a past ancestor. For example, some snakes 
have pelvic bones despite having no legs because they descended from 
reptiles that did have legs. These unused structures without function are 


called vestigial structures. Other examples of vestigial structures are wings 


on flightless birds (which may have other functions), leaves on some cacti, 
traces of pelvic bones in whales, and the sightless eyes of cave animals. 


Human Dog Bird Whale 


The similar construction of these 
appendages indicates that these 
organisms share a common 
ancestor. 


Note: 
Concept in Action 
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Click through the activities at this interactive site to guess which bone 
structures are homologous and which are analogous, and to see examples 
of all kinds of evolutionary adaptations that illustrate these concepts. 


Another evidence of evolution is the convergence of form in organisms that 
share similar environments. For example, species of unrelated animals, such 
as the arctic fox and ptarmigan (a bird), living in the arctic region have 
temporary white coverings during winter to blend with the snow and ice 
({link]). The similarity occurs not because of common ancestry, indeed one 
covering is of fur and the other of feathers, but because of similar selection 
pressures—the benefits of not being seen by predators. 


The white winter coat of (a) the arctic fox and 

(b) the ptarmigan’s plumage are adaptations to 

their environments. (credit a: modification of 
work by Keith Morehouse) 


Embryology, the study of the development of the anatomy of an organism 
to its adult form also provides evidence of relatedness between now widely 
divergent groups of organisms. Structures that are absent in some groups 
often appear in their embryonic forms and disappear by the time the adult or 
juvenile form is reached. For example, all vertebrate embryos, including 
humans, exhibit gill slits at some point in their early development. These 
disappear in the adults of terrestrial groups, but are maintained in adult 
forms of aquatic groups such as fish and some amphibians. Great ape 


embryos, including humans, have a tail structure during their development 
that is lost by the time of birth. The reason embryos of unrelated species are 
often similar is that mutational changes that affect the organism during 
embryonic development can cause amplified differences in the adult, even 
while the embryonic similarities are preserved. 


Biogeography 


The geographic distribution of organisms on the planet follows patterns that 
are best explained by evolution in conjunction with the movement of 
tectonic plates over geological time. Broad groups that evolved before the 
breakup of the supercontinent Pangaea (about 200 million years ago) are 
distributed worldwide. Groups that evolved since the breakup appear 
uniquely in regions of the planet, for example the unique flora and fauna of 
northern continents that formed from the supercontinent Laurasia and of the 
southern continents that formed from the supercontinent Gondwana. The 
presence of Proteaceae in Australia, southern Africa, and South America is 
best explained by the plant family’s presence there prior to the southern 
supercontinent Gondwana breaking up ((Link]). 


Proteacea flower [RR 
Banksia spinulosa 3% 


The Proteacea family of plants evolved before the supercontinent 
Gondwana broke up. Today, members of this plant family are 


found throughout the southern hemisphere (shown in red). (credit 
“Proteacea flower”: modification of work by “dorofofoto”/Flickr) 


The great diversification of the marsupials in Australia and the absence of 
other mammals reflects that island continent’s long isolation. Australia has 
an abundance of endemic species—species found nowhere else—which is 
typical of islands whose isolation by expanses of water prevents migration 
of species to other regions. Over time, these species diverge evolutionarily 
into new species that look very different from their ancestors that may exist 
on the mainland. The marsupials of Australia, the finches on the Galapagos, 
and many species on the Hawaiian Islands are all found nowhere else but on 
their island, yet display distant relationships to ancestral species on 
mainlands. 


Molecular Biology 


Like anatomical structures, the structures of the molecules of life reflect 
descent with modification. Evidence of a common ancestor for all of life is 
reflected in the universality of DNA as the genetic material and of the near 
universality of the genetic code and the machinery of DNA replication and 
expression. Fundamental divisions in life between the three domains are 
reflected in major structural differences in otherwise conservative structures 
such as the components of ribosomes and the structures of membranes. In 
general, the relatedness of groups of organisms is reflected in the similarity 
of their DNA sequences—exactly the pattern that would be expected from 
descent and diversification from a common ancestor. 


DNA sequences have also shed light on some of the mechanisms of 
evolution. For example, it is clear that the evolution of new functions for 
proteins commonly occurs after gene duplication events. These duplications 
are a kind of mutation in which an entire gene is added as an extra copy (or 
many copies) in the genome. These duplications allow the free modification 
of one copy by mutation, selection, and drift, while the second copy 
continues to produce a functional protein. This allows the original function 


for the protein to be kept, while evolutionary forces tweak the copy until it 
functions in a new way. 


Section Summary 


The evidence for evolution is found at all levels of organization in living 
things and in the extinct species we know about through fossils. Fossils 
provide evidence for the evolutionary change through now extinct forms 
that led to modern species. For example, there is a rich fossil record that 
shows the evolutionary transitions from horse ancestors to modern horses 
that document intermediate forms and a gradual adaptation o changing 
ecosystems. The anatomy of species and the embryological development of 
that anatomy reveal common structures in divergent lineages that have been 
modified over time by evolution. The geographical distribution of living 
species reflects the origins of species in particular geographic locations and 
the history of continental movements. The structures of molecules, like 
anatomical structures, reflect the relationships of living species and match 
patterns of similarity expected from descent with modification. 


Multiple Choice 


Exercise: 


Problem: 
The wing of a bird and the arm of a human are examples of 


a. vestigial structures 

b. molecular structures 

c. homologous structures 
d. analogous structures 


Solution: 


C 


Exercise: 


Problem: 


The fact that DNA sequences are more similar in more closely related 
organisms is evidence of what? 


a. optimal design in organisms 
b. adaptation 

c. Mutation 

d. descent with modification 


Solution: 


D 


Free Response 


Exercise: 


Problem: 


Why do scientists consider vestigial structures evidence for evolution? 


Solution: 


A vestigial structure is an example of a homologous structure that has 
apparently been reduced through evolution to a non-functional state 
because its function is no longer utilized by the species exhibiting it; 
therefore, any mutations which might reduce its structure are not 
selected against. The fact that the species has vestiges of the structure 
rather than no structure at all is evidence that it was present in an 
ancestor and evolved to non-functionality through accumulation of 
random mutations. 


Glossary 


vestigial structure 
a physical structure present in an organism but that has no apparent 
function and appears to be from a functional structure in a distant 
ancestor 


The Evolution of Primates 
By the end of this section, you will be able to: 


e Describe the derived features that distinguish primates from other 
animals 

e Explain why scientists are having difficulty determining the true lines 
of descent in hominids 


Order Primates of class Mammalia includes lemurs, tarsiers, monkeys, 
apes, and humans. Non-human primates live primarily in the tropical or 
subtropical regions of South America, Africa, and Asia. They range in size 
from the mouse lemur at 30 grams (1 ounce) to the mountain gorilla at 200 
kilograms (441 pounds). The characteristics and evolution of primates is of 
particular interest to us as it allows us to understand the evolution of our 
Own species. 


Characteristics of Primates 


All primate species possess adaptations for climbing trees, as they all 
descended from tree-dwellers. This arboreal heritage of primates has 
resulted in hands and feet that are adapted for brachiation, or climbing and 
swinging through trees. These adaptations include, but are not limited to: 1) 
a rotating shoulder joint, 2) a big toe that is widely separated from the other 
toes and thumbs, which are widely separated from fingers (except humans), 
which allow for gripping branches, 3) stereoscopic vision, two overlapping 
fields of vision from the eyes, which allows for the perception of depth and 
gauging distance. Other characteristics of primates are brains that are larger 
than those of most other mammals, claws that have been modified into 
flattened nails, typically only one offspring per pregnancy, and a trend 
toward holding the body upright. 


Order Primates is divided into two groups: prosimians and anthropoids. 
Prosimians include the bush babies of Africa, the lemurs of Madagascar, 
and the lorises, pottos, and tarsiers of Southeast Asia. Anthropoids include 
monkeys, apes, and humans. In general, prosimians tend to be nocturnal (in 
contrast to diurnal anthropoids) and exhibit a smaller size and smaller brain 
than anthropoids. 


Evolution of Primates 


The first primate-like mammals are referred to as proto-primates. They 
were roughly similar to squirrels and tree shrews in size and appearance. 
The existing fossil evidence (mostly from North Africa) is very fragmented. 
These proto-primates remain largely mysterious creatures until more fossil 
evidence becomes available. The oldest known primate-like mammals with 
a relatively robust fossil record is Plesiadapis (although some researchers 
do not agree that Plesiadapis was a proto-primate). Fossils of this primate 
have been dated to approximately 55 million years ago. Plesiadapiforms 
were proto-primates that had some features of the teeth and skeleton in 
common with true primates. They were found in North America and Europe 
in the Cenozoic and went extinct by the end of the Eocene. 


The first true primates were found in North America, Europe, Asia, and 
Africa in the Eocene Epoch. These early primates resembled present-day 
prosimians such as lemurs. Evolutionary changes continued in these early 
primates, with larger brains and eyes, and smaller muzzles being the trend. 
By the end of the Eocene Epoch, many of the early prosimian species went 
extinct due either to cooler temperatures or competition from the first 
monkeys. 


Anthropoid monkeys evolved from prosimians during the Oligocene Epoch. 
By 40 million years ago, evidence indicates that monkeys were present in 
the New World (South America) and the Old World (Africa and Asia). New 
World monkeys are also called Platyrrhini—a reference to their broad 
noses ({link]). Old World monkeys are called Catarrhini—a reference to 
their narrow noses. There is still quite a bit of uncertainty about the origins 
of the New World monkeys. At the time the platyrrhines arose, the 
continents of South American and Africa had drifted apart. Therefore, it is 
thought that monkeys arose in the Old World and reached the New World 
either by drifting on log rafts or by crossing land bridges. Due to this 
reproductive isolation, New World monkeys and Old World monkeys 
underwent separate adaptive radiations over millions of years. The New 
World monkeys are all arboreal, whereas Old World monkeys include 
arboreal and ground-dwelling species. 


The howler monkey is native to 
Central and South America. It makes a 
call that sounds like a lion roaring. 
(credit: Xavi Talleda) 


Apes evolved from the catarrhines in Africa midway through the Cenozoic, 
approximately 25 million years ago. Apes are generally larger than 
monkeys and they do not possess a tail. All apes are capable of moving 
through trees, although many species spend most their time on the ground. 
Apes are more intelligent than monkeys, and they have relatively larger 
brains proportionate to body size. The apes are divided into two groups. 
The lesser apes comprise the family Hylobatidae, including gibbons and 
siamangs. The great apes include the genera Pan (chimpanzees and 
bonobos) ({link]a), Gorilla (gorillas), Pongo (orangutans), and Homo 
(humans) ({link]b). The very arboreal gibbons are smaller than the great 
apes; they have low sexual dimorphism (that is, the sexes are not markedly 
different in size); and they have relatively longer arms used for swinging 
through trees. 
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Gibbon Human Chimpanzee Gorilla Orangutan 


(b) 


The (a) chimpanzee is one of the great apes. It possesses a 
relatively large brain and has no tail. (b) All great apes have a 
similar skeletal structure. (credit a: modification of work by Aaron 
Logan; credit b: modification of work by Tim Vickers) 


Human Evolution 


The family Hominidae of order Primates includes the hominoids: the great 
apes ({link]). Evidence from the fossil record and from a comparison of 
human and chimpanzee DNA suggests that humans and chimpanzees 
diverged from a common hominoid ancestor approximately 6 million years 
ago. Several species evolved from the evolutionary branch that includes 
humans, although our species is the only surviving member. The term 
hominin is used to refer to those species that evolved after this split of the 
primate line, thereby designating species that are more closely related to 
humans than to chimpanzees. Hominins were predominantly bipedal and 
include those groups that likely gave rise to our species—including 
Australopithecus, Homo habilis, and Homo erectus—and those non- 
ancestral groups that can be considered “cousins” of modern humans, such 
as Neanderthals. Determining the true lines of descent in hominins is 
difficult. In years past, when relatively few hominin fossils had been 
recovered, some scientists believed that considering them in order, from 
oldest to youngest, would demonstrate the course of evolution from early 
hominins to modern humans. In the past several years, however, many new 
fossils have been found, and it is clear that there was often more than one 


species alive at any one time and that many of the fossils found (and species 
named) represent hominin species that died out and are not ancestral to 
modern humans. 


Cercopithecoidae 
Baboon 


Hylobatidae 
Gibbon 


Pongidae 


Hominoidea Orangutan 


Gorillinae 
Gorilla 


? Sahelanthropus tchadensis, Ardipithecus 
Hominidae 


Panini 


Homininae Chimpanzee 


Australopithecus anamensis 


Orrorin ; . 
Australopithecus afarensis 


Australopithecus bahrelghazali 
Hominini Australopithecus garhi 
Australopithecus africanus 


Paranthropus aethiopicus 
Paranthropus boisei 
Paranthropus robustus 


Homo gautengensis 
Homo habilis 


Homo erectus 


Homo neanderthalensis 
Homo heidelbergensis 
Homo rhodesiensis 


Hominini 
Humans 


This chart shows the evolution of modern humans. 


Very Early Hominins 


Three species of very early hominids have made news in the past few years. 
The oldest of these, Sahelanthropus tchadensis, has been dated to nearly 7 
million years ago. There is a single specimen of this genus, a skull that was 
a surface find in Chad. The fossil, informally called “Toumai,” is a mosaic 
of primitive and evolved characteristics, and it is unclear how this fossil fits 
with the picture given by molecular data, namely that the line leading to 
modern humans and modern chimpanzees apparently bifurcated about 6 
million years ago. It is not thought at this time that this species was an 
ancestor of modern humans. 


A second, younger species, Orrorin tugenensis, is also a relatively recent 
discovery, found in 2000. There are several specimens of Orrorin. It is not 
known whether Orrorin was a human ancestor, but this possibility has not 
been ruled out. Some features of Orrorin are more similar to those of 
modern humans than are the australopiths, although Orrorin is much older. 


A third genus, Ardipithecus, was discovered in the 1990s, and the scientists 
who discovered the first fossil found that some other scientists did not 
believe the organism to be a biped (thus, it would not be considered a 
hominid). In the intervening years, several more specimens of Ardipithecus, 
classified as two different species, demonstrated that the organism was 
bipedal. Again, the status of this genus as a human ancestor is uncertain. 


Early Hominins: Genus Australopithecus 


Australopithecus (“southern ape”) is a genus of hominin that evolved in 
eastern Africa approximately 4 million years ago and went extinct about 2 
million years ago. This genus is of particular interest to us as it is thought 
that our genus, genus Homo, evolved from a common ancestor shared with 
Australopithecus about 2 million years ago (after likely passing through 
some transitional states). Australopithecus had a number of characteristics 
that were more similar to the great apes than to modern humans. For 
example, sexual dimorphism was more exaggerated than in modern 
humans. Males were up to 50 percent larger than females, a ratio that is 
similar to that seen in modern gorillas and orangutans. In contrast, modern 
human males are approximately 15 to 20 percent larger than females. The 


brain size of Australopithecus relative to its body mass was also smaller 
than modern humans and more similar to that seen in the great apes. A key 
feature that Australopithecus had in common with modern humans was 
bipedalism, although it is likely that Australopithecus also spent time in 
trees. Hominin footprints, similar to those of modern humans, were found 
in Laetoli, Tanzania and dated to 3.6 million years ago. They showed that 
hominins at the time of Australopithecus were walking upright. 


There were a number of Australopithecus species, which are often referred 
to as australopiths. Australopithecus anamensis lived about 4.2 million 
years ago. More is known about another early species, Australopithecus 
afarensis, which lived between 3.9 and 2.9 million years ago. This species 
demonstrates a trend in human evolution: the reduction of the dentition and 
jaw in size. A. afarensis ({link]) had smaller canines and molars compared 
to apes, but these were larger than those of modern humans. Its brain size 
was 380-450 cubic centimeters, approximately the size of a modern 
chimpanzee brain. It also had prognathic jaws, which is a relatively longer 
jaw than that of modern humans. In the mid-1970s, the fossil of an adult 
female A. afarensis was found in the Afar region of Ethiopia and dated to 
3.24 million years ago ({link]). The fossil, which is informally called 
“Lucy,” is significant because it was the most complete australopith fossil 
found, with 40 percent of the skeleton recovered. 


(a) (b) 


The skull of (a) Australopithecus afarensis, an early 
hominid that lived between two and three million 
years ago, resembled that of (b) modern humans but 
was smaller with a sloped forehead and prominent 
jaw. 


This adult female 
Australopithecus 
afarensis 
skeleton, 
nicknamed Lucy, 
was discovered 
in the mid 1970s. 
(credit: 
“120”/Wikimedi 
a Commons) 


Australopithecus africanus lived between 2 and 3 million years ago. It had a 
slender build and was bipedal, but had robust arm bones and, like other 
early hominids, may have spent significant time in trees. Its brain was larger 
than that of A. afarensis at 500 cubic centimeters, which is slightly less than 
one-third the size of modern human brains. Two other species, 
Australopithecus bahrelghazali and Australopithecus garhi, have been 
added to the roster of australopiths in recent years. 


A Dead End: Genus Paranthropus 


The australopiths had a relatively slender build and teeth that were suited 
for soft food. In the past several years, fossils of hominids of a different 
body type have been found and dated to approximately 2.5 million years 
ago. These hominids, of the genus Paranthropus, were muscular, stood 1.3- 
1.4 meters tall, and had large grinding teeth. Their molars showed heavy 
wear, suggesting that they had a coarse and fibrous vegetarian diet as 
opposed to the partially carnivorous diet of the australopiths. Paranthropus 
includes Paranthropus robustus of South Africa, and Paranthropus 
aethiopicus and Paranthropus boisei of East Africa. The hominids in this 
genus went extinct more than 1 million years ago and are not thought to be 
ancestral to modern humans, but rather members of an evolutionary branch 
on the hominin tree that left no descendants. 


Early Hominins: Genus Homo 


The human genus, Homo, first appeared between 2.5 and 3 million years 
ago. For many years, fossils of a species called H. habilis were the oldest 
examples in the genus Homo, but in 2010, a new species called Homo 
gautengensis was discovered and may be older. Compared to A. africanus, 
H. habilis had a number of features more similar to modern humans. H. 
habilis had a jaw that was less prognathic than the australopiths and a larger 
brain, at 600—750 cubic centimeters. However, H. habilis retained some 
features of older hominin species, such as long arms. The name H. habilis 
means “handy man,” which is a reference to the stone tools that have been 
found with its remains. 


Note: 
Link to Learning 


Watch this video about Smithsonian paleontologist Briana Pobiner 
explaining the link between hominin eating of meat and evolutionary 
trends. 

https://www.openstaxcollege.org/I/diet_ detective 


H. erectus appeared approximately 1.8 million years ago ((link]). It is 
believed to have originated in East Africa and was the first hominin species 
to migrate out of Africa. Fossils of H. erectus have been found in India, 
China, Java, and Europe, and were known in the past as “Java Man” or 
“Peking Man.” H. erectus had a number of features that were more similar 
to modern humans than those of H. habilis. H. erectus was larger in size 
than earlier hominins, reaching heights up to 1.85 meters and weighing up 
to 65 kilograms, which are sizes similar to those of modern humans. Its 
degree of sexual dimorphism was less than earlier species, with males being 
20 to 30 percent larger than females, which is close to the size difference 
seen in our species. H. erectus had a larger brain than earlier species at 775— 
1,100 cubic centimeters, which compares to the 1,130—1,260 cubic 
centimeters seen in modern human brains. H. erectus also had a nose with 
downward-facing nostrils similar to modern humans, rather than the 
forward facing nostrils found in other primates. Longer, downward-facing 
nostrils allow for the warming of cold air before it enters the lungs and may 
have been an adaptation to colder climates. Artifacts found with fossils of 
H. erectus suggest that it was the first hominin to use fire, hunt, and have a 
home base. H. erectus is generally thought to have lived until about 50,000 
years ago. 


Homo erectus had a 
prominent brow and a nose 
that pointed downward rather 
than forward. 


Humans: Homo sapiens 


A number of species, sometimes called archaic Homo sapiens, apparently 
evolved from H. erectus starting about 500,000 years ago. These species 
include Homo heidelbergensis, Homo rhodesiensis, and Homo 
neanderthalensis. These archaic H. sapiens had a brain size similar to that 
of modern humans, averaging 1,200—1,400 cubic centimeters. They differed 
from modern humans by having a thick skull, a prominent brow ridge, and a 
receding chin. Some of these species survived until 30,000—10,000 years 
ago, overlapping with modem humans ([link]). 


The Homo neanderthalensis used 
tools and may have worn clothing. 


There is considerable debate about the origins of anatomically modern 
humans or Homo sapiens sapiens. As discussed earlier, H. erectus migrated 
out of Africa and into Asia and Europe in the first major wave of migration 
about 1.5 million years ago. It is thought that modern humans arose in 
Africa from H. erectus and migrated out of Africa about 100,000 years ago 
in a second major migration wave. Then, modern humans replaced H. 
erectus species that had migrated into Asia and Europe in the first wave. 


This evolutionary timeline is supported by molecular evidence. One 
approach to studying the origins of modern humans is to examine 
mitochondrial DNA (mtDNA) from populations around the world. Because 
a fetus develops from an egg containing its mother’s mitochondria (which 
have their own, non-nuclear DNA), mtDNA is passed entirely through the 
maternal line. Mutations in mtDNA can now be used to estimate the 
timeline of genetic divergence. The resulting evidence suggests that all 
modern humans have mtDNA inherited from a common ancestor that lived 
in Africa about 160,000 years ago. Another approach to the molecular 
understanding of human evolution is to examine the Y chromosome, which 
is passed from father to son. This evidence suggests that all men today 
inherited a Y chromosome from a male that lived in Africa about 140,000 
years ago. 


Section Summary 


All primate species possess adaptations for climbing trees, as they all 
probably descended from tree-dwellers, although not all species are 
arboreal. Other characteristics of primates are brains that are larger than 
those of other mammals, claws that have been modified into flattened nails, 
typically only one young per pregnancy, stereoscopic vision, and a trend 
toward holding the body upright. Primates are divided into two groups: 
prosimians and anthropoids. Monkeys evolved from prosimians during the 
Oligocene Epoch. Apes evolved from catarrhines in Africa during the 
Miocene Epoch. Apes are divided into the lesser apes and the greater apes. 
Hominins include those groups that gave rise to our species, such as 
Australopithecus and H. erectus, and those groups that can be considered 
“cousins” of humans, such as Neanderthals. Fossil evidence shows that 
hominins at the time of Australopithecus were walking upright, the first 
evidence of bipedal hominins. A number of species, sometimes called 
archaic H. sapiens, evolved from H. erectus approximately 500,000 years 
ago. There is considerable debate about the origins of anatomically modern 
humans or H. sapiens sapiens. 


Review Questions 


Exercise: 


Problem: Which of the following is not an anthropoid? 


a. lemurs 
b. monkeys 
c. apes 

d. humans 


Solution: 


A 


Exercise: 


Problem: 


Which of the following is part of a clade believed to have died out, 
leaving no descendants? 


a. Paranthropus robustus 

b. Australopithecus africanus 
c. Homo erectus 

d. Homo sapiens sapiens 


Solution: 


A 


Free Response 


Exercise: 


Problem: 


How did archaic Homo sapiens differ from anatomically modern 
humans? 


Solution: 


Archaic Homo sapiens differed from modern humans by having a thick 

skull and a prominent brow ridge, and lacking a prominent chin. 
Exercise: 

Problem: 


Why is it so difficult to determine the sequence of hominin ancestors 
that have led to modern Homo sapiens? 


Solution: 


The immediate ancestors of humans were Australopithecus. All people 
past and present, along with the australopithecines, are hominins. We 
share the adaptation of being habitually bipedal. The earliest 
australopithecines very likely did not evolve until 5 million years ago. 
The primate fossil record for this crucial transitional period leading to 
australopithecines is still sketchy and somewhat confusing. By about 
2.5 million years ago, there were at least two evolutionary lines of 
hominins descended from early australopithecines. 


Glossary 


anthropoid 
monkeys, apes, and humans 


Australopithecus 
genus of hominins that evolved in eastern Africa approximately 4 
million years ago 


brachiation 
movement through trees branches via suspension from the arms 


Catarrhini 
clade of Old World monkeys 


Gorilla 
genus of gorillas 


hominin 
species that are more closely related to humans than chimpanzees 


hominoid 
pertaining to great apes and humans 


Homo 
genus of humans 


Homo sapiens sapiens 


anatomically modern humans 


Hylobatidae 
family of gibbons 


Pan 
genus of chimpanzees and bonobos 


Platyrrhini 
clade of New World monkeys 


Plesiadapis 
oldest known primate-like mammal 


Pongo 
genus of orangutans 


Primates 
order of lemurs, tarsiers, monkeys, apes, and humans 


prognathic jaw 
long jaw 


prosimian 
division of primates that includes bush babies of Africa, lemurs of 
Madagascar, and lorises, pottos, and tarsiers of Southeast Asia 


stereoscopic vision 
two overlapping fields of vision from the eyes that produces depth 
perception 


Biotechnology 
By the end of this section, you will be able to: 


¢ Describe gel electrophoresis 
e Explain molecular and reproductive cloning 
¢ Describe uses of biotechnology in medicine and agriculture 


Biotechnology is the use of biological agents for technological 
advancement. Biotechnology was used for breeding livestock and crops 
long before the scientific basis of these techniques was understood. Since 
the discovery of the structure of DNA in 1953, the field of biotechnology 
has grown rapidly through both academic research and private companies. 
The primary applications of this technology are in medicine (production of 
vaccines and antibiotics) and agriculture (genetic modification of crops, 
such as to increase yields). Biotechnology also has many industrial 
applications, such as fermentation, the treatment of oil spills, and the 
production of biofuels ({link]). 


Antibiotics are chemicals produced by fungi, 
bacteria, and other organisms that have 
antimicrobial properties. The first antibiotic 
discovered was penicillin. Antibiotics are now 
commercially produced and tested for their 
potential to inhibit bacterial growth. (credit 
"advertisement": modification of work by NIH; 
credit "test plate": modification of work by Don 
Stalons/CDC; scale-bar data from Matt Russell) 


Basic Techniques to Manipulate Genetic Material (DNA and 
RNA) 


To understand the basic techniques used to work with nucleic acids, 
remember that nucleic acids are macromolecules made of nucleotides (a 
sugar, a phosphate, and a nitrogenous base) linked by phosphodiester 
bonds. The phosphate groups on these molecules each have a net negative 
charge. An entire set of DNA molecules in the nucleus is called the 
genome. DNA has two complementary strands linked by hydrogen bonds 
between the paired bases. The two strands can be separated by exposure to 
high temperatures (DNA denaturation) and can be reannealed by cooling. 
The DNA can be replicated by the DNA polymerase enzyme. Unlike DNA, 
which is located in the nucleus of eukaryotic cells, RNA molecules leave 
the nucleus. The most common type of RNA that is analyzed is the 
messenger RNA (mRNA) because it represents the protein-coding genes 
that are actively expressed. However, RNA molecules present some other 
challenges to analysis, as they are often less stable than DNA. 


DNA and RNA Extraction 


To study or manipulate nucleic acids, the DNA or RNA must first be 
isolated or extracted from the cells. Various techniques are used to extract 
different types of DNA ((link]). Most nucleic acid extraction techniques 
involve steps to break open the cell and use enzymatic reactions to destroy 
all macromolecules that are not desired (such as degradation of unwanted 
molecules and separation from the DNA sample). Cells are broken using a 
lysis buffer (a solution which is mostly a detergent); lysis means “to split.” 
These enzymes break apart lipid molecules in the cell membranes and 
nuclear membranes. Macromolecules are inactivated using enzymes such as 
proteases that break down proteins, and ribonucleases (RNAses) that 
break down RNA. The DNA is then precipitated using alcohol. Human 
genomic DNA is usually visible as a gelatinous, white mass. The DNA 
samples can be stored frozen at —-80°C for several years. 


DNA Extraction 
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Cells are lysed Cell contents Cell debris is The DNA is 
using a detergent are treated with pelleted ina precipitated 
that disrupts the protease to centrifuge. The with ethanol. 
plasma membrane. destroy protein, supernatant (liquid) It forms viscous 
and RNAase to containing the DNA strands that can 
destroy RNA. is transferred toa be spooled on 
clean tube. a glass rod. 


This diagram shows the basic method used for 
extraction of DNA. 


RNA analysis is performed to study gene expression patterns in cells. RNA 
is naturally very unstable because RNAses are commonly present in nature 
and very difficult to inactivate. Similar to DNA, RNA extraction involves 
the use of various buffers and enzymes to inactivate macromolecules and 
preserve the RNA. 


Gel Electrophoresis 


Because nucleic acids are negatively charged ions at neutral or basic pH in 
an aqueous environment, they can be mobilized by an electric field. Gel 
electrophoresis is a technique used to separate molecules on the basis of 
size, using this charge. The nucleic acids can be separated as whole 
chromosomes or fragments. The nucleic acids are loaded into a slot near the 
negative electrode of a semisolid, porous gel matrix and pulled toward the 
positive electrode at the opposite end of the gel. Smaller molecules move 
through the pores in the gel faster than larger molecules; this difference in 
the rate of migration separates the fragments on the basis of size. There are 


molecular weight standard samples that can be run alongside the molecules 
to provide a size comparison. Nucleic acids in a gel matrix can be observed 
using various fluorescent or colored dyes. Distinct nucleic acid fragments 
appear as bands at specific distances from the top of the gel (the negative 
electrode end) on the basis of their size ((link]). A mixture of genomic 
DNA fragments of varying sizes appear as a long smear, whereas uncut 
genomic DNA is usually too large to run through the gel and forms a single 
large band at the top of the gel. 


Shown are DNA fragments 
from seven samples run on a 
gel, stained with a fluorescent 

dye, and viewed under UV 

light. (credit: James Jacob, 
Tompkins Cortland Community 
College) 


Amplification of Nucleic Acid Fragments by Polymerase Chain 
Reaction 


Although genomic DNA is visible to the naked eye when it is extracted in 
bulk, DNA analysis often requires focusing on one or more specific regions 
of the genome. Polymerase chain reaction (PCR) is a technique used to 
amplify specific regions of DNA for further analysis ({link]). PCR is used 
for many purposes in laboratories, such as the cloning of gene fragments to 
analyze genetic diseases, identification of contaminant foreign DNA ina 
sample, and the amplification of DNA for sequencing. More practical 
applications include the determination of paternity and detection of genetic 
diseases. 
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The PCR cycle consists of three steps—denaturation, 


annealing, and DNA synthesis—that occur at high, low, So RB 
and intermediate temperatures, respectively. The cycle —  —— 
is repeated again and again, resulting in a doubling of 
DNA molecules each time. After several cycles, the vast 
majority of strands produced are the same length as the al 
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Polymerase chain reaction, or PCR, is used to amplify a 
specific sequence of DNA. Primers—short pieces of DNA 
complementary to each end of the target sequence—are 
combined with genomic DNA, Taq polymerase, and 
deoxynucleotides. Taq polymerase is a DNA polymerase 
isolated from the thermostable bacterium Thermus 
aquaticus that is able to withstand the high temperatures 
used in PCR. Thermus aquaticus grows in the Lower 
Geyser Basin of Yellowstone National Park. Reverse 
transcriptase PCR (RI-PCR) is similar to PCR, but cDNA 
is made from an RNA template before PCR begins. 


DNA fragments can also be amplified from an RNA template in a process 
called reverse transcriptase PCR (RT-PCR). The first step is to recreate 
the original DNA template strand (called cDNA) by applying DNA 
nucleotides to the mRNA. This process is called reverse transcription. This 
requires the presence of an enzyme called reverse transcriptase. After the 
cDNA is made, regular PCR can be used to amplify it. 


Note: 
Link to Learning 
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Deepen your understanding of the polymerase chain reaction by clicking 
through this interactive exercise. 


Hybridization, Southern Blotting, and Northern Blotting 


Nucleic acid samples, such as fragmented genomic DNA and RNA extracts, 
can be probed for the presence of certain sequences. Short DNA fragments 
called probes are designed and labeled with radioactive or fluorescent dyes 
to aid detection. Gel electrophoresis separates the nucleic acid fragments 
according to their size. The fragments in the gel are then transferred onto a 
nylon membrane in a procedure called blotting ({link]). The nucleic acid 
fragments that are bound to the surface of the membrane can then be probed 
with specific radioactively or fluorescently labeled probe sequences. When 
DNA is transferred to a nylon membrane, the technique is called Southern 
blotting, and when RNA is transferred to a nylon membrane, it is called 
northern blotting. Southern blots are used to detect the presence of certain 
DNA sequences in a given genome, and northern blots are used to detect 
gene expression. 


Southern Blotting 


Paper towels 


Agarose 
gel Ne 


The DNA is transferred 
from the agarose gel to 
a nylon membrane. 


Electrophoresis is used to 
separate DNA fragments by 
size. There can be so many 
fragments that they appear 
as a smear on the gel. 
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The membrane is bathed 
in a solution containing a 
probe, a short piece of 
DNA complementary to 
the sequence of interest. 


The probe is labeled or 
tagged with a fluorescent 
dye so that the location 
of DNA fragments to 
which it hybridizes can 
be visualized. 


Southern blotting is used to find a particular 
sequence in a sample of DNA. DNA fragments are 
separated on a gel, transferred to a nylon 
membrane, and incubated with a DNA probe 
complementary to the sequence of interest. 
Northern blotting is similar to Southern blotting, 
but RNA is run on the gel instead of DNA. In 
western blotting, proteins are run on a gel and 
detected using antibodies. 


Molecular Cloning 


In general, the word “cloning” means the creation of a perfect replica; 
however, in biology, the re-creation of a whole organism is referred to as 
“reproductive cloning.” Long before attempts were made to clone an entire 
organism, researchers learned how to reproduce desired regions or 
fragments of the genome, a process that is referred to as molecular cloning. 


Cloning small fragments of the genome allows for the manipulation and 
study of specific genes (and their protein products), or noncoding regions in 
isolation. A plasmid (also called a vector) is a small circular DNA molecule 
that replicates independently of the chromosomal DNA. In cloning, the 


plasmid molecules can be used to provide a "folder" in which to insert a 
desired DNA fragment. Plasmids are usually introduced into a bacterial host 
for proliferation. In the bacterial context, the fragment of DNA from the 
human genome (or the genome of another organism that is being studied) is 
referred to as foreign DNA, or a transgene, to differentiate it from the DNA 
of the bacterium, which is called the host DNA. 


Plasmids occur naturally in bacterial populations (such as Escherichia coli) 
and have genes that can contribute favorable traits to the organism, such as 
antibiotic resistance (the ability to be unaffected by antibiotics). Plasmids 
have been repurposed and engineered as vectors for molecular cloning and 
the large-scale production of important reagents, such as insulin and human 
growth hormone. An important feature of plasmid vectors is the ease with 
which a foreign DNA fragment can be introduced via the multiple cloning 
site (MCS). The MCS is a short DNA sequence containing multiple sites 
that can be cut with different commonly available restriction endonucleases. 
Restriction endonucleases recognize specific DNA sequences and cut 
them in a predictable manner; they are naturally produced by bacteria as a 
defense mechanism against foreign DNA. Many restriction endonucleases 
make staggered cuts in the two strands of DNA, such that the cut ends have 
a 2- or 4-base single-stranded overhang. Because these overhangs are 
capable of annealing with complementary overhangs, these are called 
“sticky ends.” Addition of an enzyme called DNA ligase permanently joins 
the DNA fragments via phosphodiester bonds. In this way, any DNA 
fragment generated by restriction endonuclease cleavage can be spliced 
between the two ends of a plasmid DNA that has been cut with the same 
restriction endonuclease ([link]). 


Recombinant DNA Molecules 


Plasmids with foreign DNA inserted into them are called recombinant 
DNA molecules because they are created artificially and do not occur in 
nature. They are also called chimeric molecules because the origin of 
different parts of the molecules can be traced back to different species of 
biological organisms or even to chemical synthesis. Proteins that are 
expressed from recombinant DNA molecules are called recombinant 


proteins. Not all recombinant plasmids are capable of expressing genes. 
The recombinant DNA may need to be moved into a different vector (or 
host) that is better designed for gene expression. Plasmids may also be 
engineered to express proteins only when stimulated by certain 
environmental factors, so that scientists can control the expression of the 
recombinant proteins. 


Note: 
Art Connection 


Molecular Cloning 


Restriction site ‘ ; . 
Foreign DNA Plasmid The foreign DNA and plasmid are cut with the same 
LacZ gene restriction enzyme, which recognizes a particular 
sequence of DNA called a restriction site. The restriction 
Acraicilie site occurs only once in the plasmid, and is located within 
rR the lacZ gene, a gene necessary for metabolizing 
bree lactose. 


POs go Sticky 
POs 8 ends 
The restriction enzyme creates sticky ends that allow the 
POs foreign DNA and cloning vector to anneal. An enzyme 
called ligase glues the annealed fragments together. 


CO CS The ligated cloning vector is transformed into a bacterial 
host strain that is ampicillin sensitive and is missing the 
Bacteria (may take lacZ gene from its genome. 
up plasmid with or 
without the insert, 
or may not take up 


y plasmid at all). 


Bacteria are grown on media containing ampicillin and 
X-gal, a chemical that is metabolized by the same 
pathway as lactose. The ampicillin kills bacteria without 
plasmid. Plasmids lacking the foreign insert have an 
intact lacZ gene and are able to metabolize X-gal, 
releasing a dye that turns the colony blue. Plasmids with 
an insert have a disrupted /JacZ gene and produce white 
colonies. 


oe 


fo 


Bacterial genome is 
missing the lacZ gene. 
White colonies 
have plasmids 
with the foreign 
insert. 


Blue colonies 
have plasmids 
without insert. 


This diagram shows the steps involved in molecular cloning. 


You are working in a molecular biology lab and, unbeknownst to you, your 
lab partner left the foreign genomic DNA that you are planning to clone on 
the lab bench overnight instead of storing it in the freezer. As a result, it 
was degraded by nucleases, but still used in the experiment. The plasmid, 
on the other hand, is fine. What results would you expect from your 
molecular cloning experiment? 


a. There will be no colonies on the bacterial plate. 
b. There will be blue colonies only. 

c. There will be blue and white colonies. 

d. The will be white colonies only. 


Note: 
Link to Learning 
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View an animation of recombination in cloning from the DNA Leaming 
Center. 


Cellular Cloning 


Unicellular organisms, such as bacteria and yeast, naturally produce clones 
of themselves when they replicate asexually by binary fission; this is known 
as cellular cloning. The nuclear DNA duplicates by the process of mitosis, 
which creates an exact replica of the genetic material. 


Reproductive Cloning 


Reproductive cloning is a method used to make a clone or an identical 
copy of an entire multicellular organism. Most multicellular organisms 
undergo reproduction by sexual means, which involves genetic 
hybridization of two individuals (parents), making it impossible for 
generation of an identical copy or a clone of either parent. Recent advances 
in biotechnology have made it possible to artificially induce asexual 
reproduction of mammals in the laboratory. 


Parthenogenesis, or “virgin birth,” occurs when an embryo grows and 
develops without the fertilization of the egg occurring; this is a form of 
asexual reproduction. An example of parthenogenesis occurs in species in 
which the female lays an egg and if the egg is fertilized, it is a diploid egg 
and the individual develops into a female; if the egg is not fertilized, it 
remains a haploid egg and develops into a male. The unfertilized egg is 
called a parthenogenic, or virgin, egg. Some insects and reptiles lay 
parthenogenic eggs that can develop into adults. 


Sexual reproduction requires two cells; when the haploid egg and sperm 
cells fuse, a diploid zygote results. The zygote nucleus contains the genetic 
information to produce a new individual. However, early embryonic 
development requires the cytoplasmic material contained in the egg cell. 
This idea forms the basis for reproductive cloning. Therefore, if the haploid 
nucleus of an egg cell is replaced with a diploid nucleus from the cell of any 
individual of the same species (called a donor), it will become a zygote that 
is genetically identical to the donor. Somatic cell nuclear transfer is the 
technique of transferring a diploid nucleus into an enucleated egg. It can be 
used for either therapeutic cloning or reproductive cloning. 


The first cloned animal was Dolly, a sheep who was born in 1996. The 
success rate of reproductive cloning at the time was very low. Dolly lived 
for seven years and died of respiratory complications ([link]). There is 
speculation that because the cell DNA belongs to an older individual, the 
age of the DNA may affect the life expectancy of a cloned individual. Since 
Dolly, several animals such as horses, bulls, and goats have been 
successfully cloned, although these individuals often exhibit facial, limb, 
and cardiac abnormalities. There have been attempts at producing cloned 
human embryos as sources of embryonic stem cells, sometimes referred to 


as Cloning for therapeutic purposes. Therapeutic cloning produces stem 
cells to attempt to remedy detrimental diseases or defects (unlike 
reproductive cloning, which aims to reproduce an organism). Still, 
therapeutic cloning efforts have met with resistance because of bioethical 
considerations. 


Note: 
Art Connection 
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Dolly the sheep was the first 
mammal to be cloned. To 
create Dolly, the nucleus was 
removed from a donor egg 
cell. The nucleus from a 
second sheep was then 
introduced into the cell, 
which was allowed to divide 
to the blastocyst stage before 
being implanted in a 
surrogate mother. (credit: 


modification of work by 
"Squidonius"/Wikimedia 
Commons) 


Do you think Dolly was a Finn-Dorset or a Scottish Blackface sheep? 


Genetic Engineering 


Genetic engineering is the alteration of an organism’s genotype using 
recombinant DNA technology to modify an organism’s DNA to achieve 
desirable traits. The addition of foreign DNA in the form of recombinant 
DNA vectors generated by molecular cloning is the most common method 
of genetic engineering. The organism that receives the recombinant DNA is 
called a genetically modified organism (GMO). If the foreign DNA that is 
introduced comes from a different species, the host organism is called 
transgenic. Bacteria, plants, and animals have been genetically modified 
since the early 1970s for academic, medical, agricultural, and industrial 
purposes. In the US, GMOs such as Roundup-ready soybeans and borer- 
resistant corn are part of many common processed foods. 


Gene Targeting 


Although classical methods of studying the function of genes began with a 
given phenotype and determined the genetic basis of that phenotype, 
modern techniques allow researchers to start at the DNA sequence level and 
ask: "What does this gene or DNA element do?" This technique, called 
reverse genetics, has resulted in reversing the classic genetic methodology. 
This method would be similar to damaging a body part to determine its 
function. An insect that loses a wing cannot fly, which means that the 
function of the wing is flight. The classical genetic method would compare 
insects that cannot fly with insects that can fly, and observe that the non- 
flying insects have lost wings. Similarly, mutating or deleting genes 
provides researchers with clues about gene function. The methods used to 


disable gene function are collectively called gene targeting. Gene targeting 
is the use of recombinant DNA vectors to alter the expression of a particular 
gene, either by introducing mutations in a gene, or by eliminating the 
expression of a certain gene by deleting a part or all of the gene sequence 
from the genome of an organism. 


Biotechnology in Medicine and Agriculture 


It is easy to see how biotechnology can be used for medicinal purposes. 
Knowledge of the genetic makeup of our species, the genetic basis of 
heritable diseases, and the invention of technology to manipulate and fix 
mutant genes provides methods to treat the disease. Biotechnology in 
agriculture can enhance resistance to disease, pest, and environmental 
stress, and improve both crop yield and quality. 


Genetic Diagnosis and Gene Therapy 


The process of testing for suspected genetic defects before administering 
treatment is called genetic diagnosis by genetic testing. Depending on the 
inheritance patterns of a disease-causing gene, family members are advised 
to undergo genetic testing. For example, women diagnosed with breast 
cancer are usually advised to have a biopsy so that the medical team can 
determine the genetic basis of cancer development. Treatment plans are 
based on the findings of genetic tests that determine the type of cancer. If 
the cancer is caused by inherited gene mutations, other female relatives are 
also advised to undergo genetic testing and periodic screening for breast 
cancer. Genetic testing is also offered for fetuses (or embryos with in vitro 
fertilization) to determine the presence or absence of disease-causing genes 
in families with specific debilitating diseases. 


Gene therapy is a genetic engineering technique used to cure disease. In its 
simplest form, it involves the introduction of a good gene at a random 
location in the genome to aid the cure of a disease that is caused by a 
mutated gene. The good gene is usually introduced into diseased cells as 
part of a vector transmitted by a virus that can infect the host cell and 


deliver the foreign DNA ((link]). More advanced forms of gene therapy try 
to correct the mutation at the original site in the genome, such as is the case 
with treatment of severe combined immunodeficiency (SCID). 
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Gene therapy using an adenovirus vector can be used to 
cure certain genetic diseases in which a person has a 
defective gene. (credit: NIH) 


Production of Vaccines, Antibiotics, and Hormones 


Traditional vaccination strategies use weakened or inactive forms of 
microorganisms to mount the initial immune response. Modern techniques 
use the genes of microorganisms cloned into vectors to mass produce the 
desired antigen. The antigen is then introduced into the body to stimulate 
the primary immune response and trigger immune memory. Genes cloned 


from the influenza virus have been used to combat the constantly changing 
strains of this virus. 


Antibiotics are a biotechnological product. They are naturally produced by 
microorganisms, such as fungi, to attain an advantage over bacterial 
populations. Antibiotics are produced on a large scale by cultivating and 
manipulating fungal cells. 


Recombinant DNA technology was used to produce large-scale quantities 
of human insulin in E. coli as early as 1978. Previously, it was only possible 
to treat diabetes with pig insulin, which caused allergic reactions in humans 
because of differences in the gene product. In addition, human growth 
hormone (HGH) is used to treat growth disorders in children. The HGH 
gene was cloned from a cDNA library and inserted into E. coli cells by 
cloning it into a bacterial vector. 


Transgenic Animals 


Although several recombinant proteins used in medicine are successfully 
produced in bacteria, some proteins require a eukaryotic animal host for 
proper processing. For this reason, the desired genes are cloned and 
expressed in animals, such as sheep, goats, chickens, and mice. Animals 
that have been modified to express recombinant DNA are called transgenic 
animals. Several human proteins are expressed in the milk of transgenic 
sheep and goats, and some are expressed in the eggs of chickens. Mice have 
been used extensively for expressing and studying the effects of 
recombinant genes and mutations. 


Transgenic Plants 


Manipulating the DNA of plants (i.e., creating GMOs) has helped to create 
desirable traits, such as disease resistance, herbicide and pesticide 
resistance, better nutritional value, and better shelf-life (({link]). Plants are 
the most important source of food for the human population. Farmers 
developed ways to select for plant varieties with desirable traits long before 
modern-day biotechnology practices were established. 


Corn, a major agricultural 
crop used to create 
products for a variety of 
industries, is often 
modified through plant 
biotechnology. (credit: 
Keith Weller, USDA) 


Plants that have received recombinant DNA from other species are called 
transgenic plants. Because they are not natural, transgenic plants and other 
GMOs are closely monitored by government agencies to ensure that they 
are fit for human consumption and do not endanger other plant and animal 
life. Because foreign genes can spread to other species in the environment, 
extensive testing is required to ensure ecological stability. Staples like corn, 
potatoes, and tomatoes were the first crop plants to be genetically 
engineered. 


Transformation of Plants Using Agrobacterium tumefaciens 


Gene transfer occurs naturally between species in microbial populations. 
Many viruses that cause human diseases, such as cancer, act by 
incorporating their DNA into the human genome. In plants, tumors caused 
by the bacterium Agrobacterium tumefaciens occur by transfer of DNA 
from the bacterium to the plant. Although the tumors do not kill the plants, 
they make the plants stunted and more susceptible to harsh environmental 
conditions. Many plants, such as walnuts, grapes, nut trees, and beets, are 
affected by A. tumefaciens. The artificial introduction of DNA into plant 
cells is more challenging than in animal cells because of the thick plant cell 
wall. 


Researchers used the natural transfer of DNA from Agrobacterium to a 
plant host to introduce DNA fragments of their choice into plant hosts. In 
nature, the disease-causing A. tumefaciens have a set of plasmids, called the 
Ti plasmids (tumor-inducing plasmids), that contain genes for the 
production of tumors in plants. DNA from the Ti plasmid integrates into the 
infected plant cell’s genome. Researchers manipulate the Ti plasmids to 
remove the tumor-causing genes and insert the desired DNA fragment for 
transfer into the plant genome. The Ti plasmids carry antibiotic resistance 
genes to aid selection and can be propagated in E. coli cells as well. 


The Organic Insecticide Bacillus thuringiensis 


Bacillus thuringiensis (Bt) is a bacterium that produces protein crystals 
during sporulation that are toxic to many insect species that affect plants. Bt 
toxin has to be ingested by insects for the toxin to be activated. Insects that 
have eaten Bt toxin stop feeding on the plants within a few hours. After the 
toxin is activated in the intestines of the insects, death occurs within a 
couple of days. Modern biotechnology has allowed plants to encode their 
own crystal Bt toxin that acts against insects. The crystal toxin genes have 
been cloned from Bt and introduced into plants. Bt toxin has been found to 
be safe for the environment, non-toxic to humans and other mammals, and 
is approved for use by organic farmers as a natural insecticide. 


Flavr Savr Tomato 


The first GM crop to be introduced into the market was the Flavr Savr 
Tomato produced in 1994. Antisense RNA technology was used to slow 
down the process of softening and rotting caused by fungal infections, 
which led to increased shelf life of the GM tomatoes. Additional genetic 
modification improved the flavor of this tomato. The Flavr Savr tomato did 
not successfully stay in the market because of problems maintaining and 
shipping the crop. 


Section Summary 


Nucleic acids can be isolated from cells for the purposes of further analysis 
by breaking open the cells and enzymatically destroying all other major 
macromolecules. Fragmented or whole chromosomes can be separated on 
the basis of size by gel electrophoresis. Short stretches of DNA or RNA can 
be amplified by PCR. Southern and northern blotting can be used to detect 
the presence of specific short sequences in a DNA or RNA sample. The 
term “cloning” may refer to cloning small DNA fragments (molecular 
cloning), cloning cell populations (cellular cloning), or cloning entire 
organisms (reproductive cloning). Genetic testing is performed to identify 
disease-causing genes, and gene therapy is used to cure an inheritable 
disease. 


Transgenic organisms possess DNA from a different species, usually 
generated by molecular cloning techniques. Vaccines, antibiotics, and 
hormones are examples of products obtained by recombinant DNA 
technology. Transgenic plants are usually created to improve characteristics 
of crop plants. 


Art Connections 


Exercise: 


Problem: 


[link] You are working in a molecular biology lab and, unbeknownst to 
you, your lab partner left the foreign genomic DNA that you are 
planning to clone on the lab bench overnight instead of storing it in the 
freezer. As a result, it was degraded by nucleases, but still used in the 
experiment. The plasmid, on the other hand, is fine. What results 
would you expect from your molecular cloning experiment? 


a. There will be no colonies on the bacterial plate. 
b. There will be blue colonies only. 

c. There will be blue and white colonies. 

d. The will be white colonies only. 


Solution: 


[link] B. The experiment would result in blue colonies only. 
Exercise: 


Problem: 


[link] Do you think Dolly was a Finn-Dorset or a Scottish Blackface 
sheep? 


Solution: 

[link] Dolly was a Finn-Dorset sheep because even though the original 
cell came from a Scottish blackface sheep and the surrogate mother 
was a Scottish blackface, the DNA came from a Finn-Dorset. 


Review Questions 


Exercise: 


Problem:GMOs are created by 


a. generating genomic DNA fragments with restriction 
endonucleases 

b. introducing recombinant DNA into an organism by any means 

c. overexpressing proteins in E. coli. 

d. all of the above 


Solution: 


B 
Exercise: 


Problem: 


Gene therapy can be used to introduce foreign DNA into cells 


a. for molecular cloning 

b. by PCR 

c. of tissues to cure inheritable disease 
d. all of the above 


Solution: 
C 
Exercise: 
Problem: Insulin produced by molecular cloning: 
a. is of pig origin 
b. is a recombinant protein 


c. is made by the human pancreas 
d. is recombinant DNA 


Solution: 


B 
Exercise: 
Problem: Bt toxin is considered to be 
a. a gene for modifying insect DNA 
b. an organic insecticide produced by bacteria 


c. useful for humans to fight against insects 
d. a recombinant protein 


Solution: 


B 


Exercise: 


Problem:The Flavr Savr Tomato: 


a. is a variety of vine-ripened tomato in the supermarket 
b. was created to have better flavor and shelf-life 

c. does not undergo soft rot 

d. all of the above 


Solution: 


D 


Free Response 
Exercise: 
Problem: Describe the process of Southern blotting. 


Solution: 


Southern blotting is the transfer of DNA that has been enzymatically 
cut into fragments and run on an agarose gel onto a nylon membrane. 
The DNA fragments that are on the nylon membrane can be denatured 
to make them single-stranded, and then probed with small DNA 
fragments that are radioactively or fluorescently labeled, to detect the 
presence of specific sequences. An example of the use of Southern 
blotting would be in analyzing the presence, absence, or variation of a 
disease gene in genomic DNA from a group of patients. 


Exercise: 
Problem: 


A researcher wants to study cancer cells from a patient with breast 
cancer. Is cloning the cancer cells an option? 


Solution: 
Cellular cloning of the breast cancer cells will establish a cell line, 
which can be used for further analysis 
Exercise: 
Problem: 


How would a scientist introduce a gene for herbicide resistance into a 
plant? 


Solution: 


By identifying an herbicide resistance gene and cloning it into a plant 
expression vector system, like the Ti plasmid system from 
Agrobacterium tumefaciens. The scientist would then introduce it into 
the plant cells by transformation, and select cells that have taken up 
and integrated the herbicide-resistance gene into the genome. 


Exercise: 


Problem: 


If you had a chance to get your genome sequenced, what are some 
questions you might be able to have answered about yourself? 


Solution: 


What diseases am I prone to and what precautions should I take? Am I 
a carrier for any disease-causing genes that may be passed on to 
children? 


Glossary 


antibiotic resistance 
ability of an organism to be unaffected by the actions of an antibiotic 


biotechnology 
use of biological agents for technological advancement 


cellular cloning 
production of identical cell populations by binary fission 


clone 
exact replica 


foreign DNA 
DNA that belongs to a different species or DNA that is artificially 
synthesized 


gel electrophoresis 
technique used to separate molecules on the basis of size using electric 
charge 


gene targeting 
method for altering the sequence of a specific gene by introducing the 
modified version on a vector 


gene therapy 
technique used to cure inheritable diseases by replacing mutant genes 
with good genes 


genetic diagnosis 
diagnosis of the potential for disease development by analyzing 
disease-causing genes 


genetic engineering 
alteration of the genetic makeup of an organism 


genetic testing 
process of testing for the presence of disease-causing genes 


genetically modified organism (GMO) 
organism whose genome has been artificially changed 


host DNA 
DNA that is present in the genome of the organism of interest 


lysis buffer 
solution used to break the cell membrane and release cell contents 


molecular cloning 
cloning of DNA fragments 


multiple cloning site (MCS) 
site that can be recognized by multiple restriction endonucleases 


northern blotting 
transfer of RNA from a gel to a nylon membrane 


polymerase chain reaction (PCR) 
technique used to amplify DNA 


probe 
small DNA fragment used to determine if the complementary sequence 
is present ina DNA sample 


protease 
enzyme that breaks down proteins 


recombinant DNA 
combination of DNA fragments generated by molecular cloning that 
does not exist in nature; also known as a chimeric molecule 


recombinant protein 
protein product of a gene derived by molecular cloning 


reproductive cloning 
cloning of entire organisms 


restriction endonuclease 
enzyme that can recognize and cleave specific DNA sequences 


reverse genetics 
method of determining the function of a gene by starting with the gene 
itself instead of starting with the gene product 


reverse transcriptase PCR (RT-PCR) 
PCR technique that involves converting RNA to DNA by reverse 
transcriptase 


ribonuclease 
enzyme that breaks down RNA 


Southern blotting 
transfer of DNA from a gel to a nylon membrane 


Ti plasmid 
plasmid system derived from Agrobacterium tumifaciens that has been 
used by scientists to introduce foreign DNA into plant cells 


transgenic 
organism that receives DNA from a different species 


